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Evaluating Methods of Determining the Hydraulic Conductivity 
Distribution in a Heterogeneous Unconfined Aquifer 
(192 pp.)
Director: Dr. William Woessner ^
Hydraulic conductivity is among the most difficult aquifer properties to accurately 
measure in the field, although it is essential to representations of groundwater flow. 
The purpose of this study is to evaluate the effect o f the use of a natural gradient 
tracer test to further refine field and flow model derived estimates of the hydraulic 
conductivity distribution in an unconfined aquifer.
The field site consisted of a 300 ft wide unconfined flood plain aquifer composed of 
sand, gravel and clay ranging in thickness from 18 to 35 ft. Hydraulic conductivity 
values obtained from 29 slug tests and 3 constant discharge aquifer tests range from 
2 to 105 ft/day. A field-scale natural gradient tracer test was conducted using a 
lithium bromide tracer. The centroid of the tracer plume migrated approximately 94 
ft in 159 days. A one-dimensional analysis of the tracer concentration data yielded 
longitudinal dispersivity values ranging from 0.012 to 4.5 feet. Observed tracer 
plume movement indicates that the aquifer is characterized by a complex flow field, 
and is therefore heterogeneous. A three-dimensional numerical flow model 
(MODFLOW) was calibrated to measured head data and calculated estimates of 
groundwater flux by adjusting hydraulic conductivity within the range of field 
measured values. A numerical solute transport model (MT3D) was calibrated to 
observed tracer concentrations by adjusting hydraulic conductivity. The longitudinal 
and transverse dispersivity values used in the model were 1.0 ft and 0.2 ft 
respectively. The tracer concentration data were used as independent calibration 
targets.
Estimates of the hydraulic conductivity distribution based on field measurements, 
flow model calibration, and solute transport model calibration were compared. The 
standard deviation of hydraulic conductivity increased from 3.7 to 7.4 ft/day in the 
calibration process, indicating an increase in interpreted aquifer heterogeneity. 
Hydraulic conductivity adjustments implemented during the flow model calibration are 
distributed throughout the modeled area, while adjustments made during the solute 
transport model calibration were limited to the area of tracer plume movement. The 
results of this study indicate that the use of tracer concentration data as calibration 
targets in coupled flow and solute transport modeling requires input of more variable 
hydraulic conductivity fields. The use of multiple independent calibration targets 
strengthens the argument that a model more closely approximates the natural system.
u
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1.0 INTRODUCTION
As a result o f increasing concern over groundwater contamination problems, 
hydrogeologists are being asked to assess the extent of groundwater contamination and 
to predict the movement of contaminants. Most approaches to predicting contaminant 
migration involve the application of numerical computer models that are used to solve 
a collection of partial differential equations (Molz et al., 1986; Konikow and 
Bredehoeft, 1974). These equations contain parameters which represent aquifer 
properties, and must be estimated or measured in the field. Of these properties, 
hydraulic conductivity is among the most difficult to accurately measure (Heigold et 
al., 1979; Smith and Schwartz, 1981; Molz et al., 1989; Neuman, 1990) although it 
is essential to representations of groundwater flow. In addition, hydraulic conductivity 
is an important component in solute transport models, as it is used along with 
hydraulic gradient and aquifer porosity values to generate groundwater velocity 
distributions (Zheng, 1990). While porosity values tend to vary between 0.25 and 
0.60 (Domenico and Schwartz, 1990; Fetter, 1988), hydraulic conductivity values tend 
to range over several orders of magnitude for most geologic materials (Freeze and 
Cherry, 1979; Sudicky and Cherry, 1979), Therefore, accurate characterization of 
hydraulic conductivity distributions is essential in assessing the fate and transport of 
contaminants in groundwater.
In most groundwater investigations, the number of field measured hydraulic 
conductivity values is limited by project budget constraints. In many cases it is 
assumed that hydraulic conductivity does not vary widely. The aquifer is divided into
1
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several extensive zones, each containing a single value o f hydraulic conductivity 
(Cherry et al. 1975; Davis, 1986). Sudicky (1986) conducted a highly detailed field 
characterization of hydraulic conductivity in a well-sorted sand aquifer at the Borden 
Air Force Base in Ontario, Canada. The results o f his work indicate that values of 
hydraulic conductivity typically varies several orders o f magnitude over short 
distances, and that natural systems are characterized by highly complex flow systems. 
Because detailed field characterization of aquifer heterogeneity is both costly and time 
consuming, it is necessary to develop other approaches to characterize aquifers to be 
used in conjunction with existing methods (Heigold et al., 1979; Molz et al., 1989).
Numerical flow modeling often is used as an interpretive tool to refine field 
estimates o f hydraulic conductivity distributions through model calibration techniques 
(Anderson, 1984; Anderson and Woessner, 1992). The calibration process involves 
adjusting the distribution o f hydraulic conductivity and other input values within a 
speciried range of field measured values, until the model calculates a hydraulic head 
distribution and estimated water balance that approach field measured values 
(Anderson and Woessner, 1992). However, the calibration process results in a non­
unique solution of the hydraulic conductivity distribution (Freyberg, 1986). Anderson 
and Woessner (1992) suggest the use of field estimated groundwater flux and solute 
concentration data as additional calibration targets to improve flow model calibrations. 
Krabbenhoft et al. (1990) utilized a plume of naturally occurring stable isotopes 
measured down gradient from a lake to estimate groundwater flux values. These flux 
calculations were then used as independent flow model calibration targets, in an
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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attempt to further constrain the range and distribution of hydraulic conductivity 
(Konikow and Bredehoeft, 1974).
In order to more clearly demonstrate the utility o f groundwater flow models as 
tools used to refine hydraulic conductivity distribution estimates, it is necessary 
improve the model calibration process (National Research Council, 1990). The 
development of additional techniques of generating independent model calibration 
targets is an essential step in the improvement o f flow model calibration procedures. 
The number of studies that use tracer test data to characterize hydraulic conductivity 
fields is limited, and most of these studies have concentrated on well sorted sand 
aquifers. This study attempts to use a natural gradient tracer test to refine calibrated 
hydraulic conductivity fields in an unconfined floodplain aquifer composed o f sand and 
gravel.
1,1 PROJECT OBJECTIVES
The goal of this project is to assess the effect of using natural gradient tracer test 
data to refine estimates of hydraulic conductivity distributions derived from field 
methods and flow model calibration techniques. The use of natural gradient tracer test 
data as additional calibration targets will be evaluated by comparing hydraulic 
conductivity values generated by solute transport model calibration, with field 
measured and flow model derived values. Specific objectives include:
1) Characterization of aquifer stratigraphy and the hydraulic conductivity distribution 
using standard field methods.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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2) Generation o f a second hydraulic conductivity field by calibrating a three- 
dimensional numerical flow model to field measured heads and estimated fluxes.
3) Design and execution o f a fleld scale natural gradient tracer test.
4) Generation of a third hydraulic conductivity fleld by calibrating a solute transport 
model to the solute distributions observed during the tracer test.
5) An analysis o f the character of hydraulic conductivity distributions determined 
through field techniques, flow model calibration, and solute transport calibration.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.0 RESEARCH SITE CHARACTERIZATION
The Elk Creek site is located approximately 35 miles northeast o f Missoula, 
Montana, in the University o f Montana School o f Forestry’s Lubrecht Experimental 
Forest (Figure 1). The site is on the floodplain of the North Fork of Elk Creek and 
is approximately 4(X) ft by 200 ft in size. The North Fork Elk Creek watershed is 
approximately 4410 acres in size, and is characterized by maturely dissected 
mountainous terrain with elevations ranging from 4,080 ft to 6,760 ft above mean sea 
level (MSL). The North Fork of Elk Creek drains to the west at an average gradient 
o f 3<X) ft, per mile, and with an average discharge of 1.65 cfs (Poliquin, 1967). The 
average gradient for the creek in the vicinity o f the study area is 139.5 ft. per mile. 
A dendritic drainage pattern characterizes the watershed. The Main Fork o f Elk 
Creek flows northward to the Blackfoot River, a tributary o f the Clark Fork o f the 
Columbia River.
The North Fork Elk Creek watershed is primarily underlain by quartz monzonite 
of the Garnet Stock which is interpreted to be late Cretaceous - early Tertiary in age 
(Brenner, 1968). The quartz monzonite is heavily jointed and exhibits spheroidal 
weathering. In addition to the monzonite, several outcrops o f medium gray marble 
with inter-bedded green homfels have been mapped within the watershed. These 
rocks are interpreted to be contact metamorphosed portions of the Cambrian Silver 
Hill and Hasmark Formations (Brenner, 1968).
In the vicinity of the study area. Quaternary alluvial deposits overlie the bedrock 
formations. These deposits consist of up to 40 feet of silt, fine to coarse sand, gravel
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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and cobbles derived from recent erosion o f quartz monzonite, and the sedimentary 
formations mapped within the basin. These deposits comprise a relatively 
heterogeneous unconrined aquifer, and are interpreted to be floodplain deposits 
associated with the North Fork of Elk Creek. These deposits will be referred to as 
the Elk Creek aquifer in this report. The North Fork o f Elk Creek watershed exhibits 
no evidence o f glaciation. Figure 2 is a geologic map o f the Elk Creek site.
In order to characterize the site hydrogeology and to allow for closely spaced, multi­
level water sampling during the natural gradient tracer test, it was necessary to install 
a dense array of aquifer instrumentation. The instruments installed on the site include 
five fiilly perforated tracer injection wells (I-l to 1-5), 24 bundle-type multi-level 
sampling devices (MPB-1 to MPB-24) and six monitoring wells (W-1 to W-6) all of 
which were installed by a hollow-stem auger rig. The multi-level sampling devices 
are a modification of a design originally described by Pickens, et al. (1978). They 
consist of eight 1/2-inch inside diameter tubes extending from land surface down the 
outside of a 2-inch diameter PVC casing, and attached to the casing at various depths. 
These instruments permitted three-dimensional monitoring o f tracer concentrations. 
In addition, a 6-inch screened interval in the PVC casing permitted slug testing o f one 
interval. Some additional multi-level sampling devices (MLS-1 to MLS-8) were 
installed on site in a previous investigation conducted by Reinmund (1991). However, 
these instruments were damaged by vandals, and were used in this study only as water 
level control points. The presence of large cobbles and boulders within the 
unconsolidated materials did not permit detailed formation sampling using a split-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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spoon or similar device. Therefore the augers were withdrawn at five foot intervals, 
and formation samples were collected from the auger flights. Staff gauges and stream 
bed mini-piezometers (Lee and Cherry, 1978) were installed in the North Fork o f Elk 
Creek. Figure 3 is a site plan showing the locations and types of instruments installed 
on site. Logs of instruments installed by the hollow stem auger rig are included in 
Appendix A.
A seismic refraction survey was conducted to determine the depth to bedrock on 
site. The survey was conducted using a Bison Model 1570A single channel signal 
enhancement seismograph and a sledge hammer source. Time-distance seismograms 
were interpreted using procedures outlined by Dorbin and Savit (1988), to obtain 
estimates o f the depth to bedrock at each data point location. The data, calculations 
and results o f the seismic refraction survey are presented in Appendix B.
Interpretive geologic cross-sections (Figure 5) have been constructed using data 
from well logs and the seismic refraction survey. The locations o f the cross-sections 
are shown on Figure 4. As can be seen from the cross-sections, overlying the quartz 
monzonite bedrock is a unit of green clay containing sub-angular fragments of quartz. 
The quartz grains are matrix supported and are similar in grain size to quartz grains 
in the underlying quartz monzonite. Therefore, this unit o f green sandy clay is 
interpreted to be a zone of weathered quartz monzonite.
Overlying the weathered bedrock are fluvial deposits between 10 and 40 feet thick. 
These deposits range in grain size from silt to cobbles and are highly variable both 
horizontally and vertically. Throughout most o f the site there is a unit of gray fine
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
</>
U J
o
LU
4 #
UJ
o
tn
LU
LU
O O u.•/>
(A
LU
li. 4A
m
(A
O U
IL
o»
w
tu
w z
u.
t-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
o
v>
«r></>
m
o
CÛ
irt
UJ
O
<n
UJ
u_
t—
o
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12
WEST
A
EAST
A '
gr.,m s«*<r
Of##m S««4 t  C l« r
I'#
#
W## Or«v»» 
«Ad
So*d»A4 WAV#
NORTH
B
SOUTH 
/
ViAd. <»r«VAi 9»4
C#kb*#« -
#0
F»*# I* W«d#wn 
&OA4
fikiAi s«A4y cidy
ro
SCALE IN f a c T
V.e. . ix
Figure 5: Interpretive geologic cross-sections o f the Elk Creek Site
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
silty sand directly above the weathered quartz monzonite, overlain by poorly sorted, 
relatively coarse deposits containing fine to coarse sand, gravel and cobbles. Lenses 
of moderately well sorted sand are present within this sand and gravel unit 
(Reinmund, 1990). Throughout the site, there is well developed soil horizon 
primarily consisting of sandy loam with a high organic content. In most areas one to 
three feet of this unit occurs within the saturated zone. In general, unconsolidated 
deposits are thickest in the southwestern portion of the site, and thin to the north, and 
east.
All water level control points were surveyed to within 0.02 ft. to an assumed 
datum of 100 ft. Water table elevations and stream stages were recorded to within 
0.02 ft. throughout a 10 month period to determine the groundwater flow direction 
and hydraulic gradient within the study area. In addition the stream stage data, when 
available, was utilized to assess the amount of interaction between the creek and the 
aquifer. Well hydrographs were prepared for selected wells on site. Figure 6 shows 
well hydrographs prepared for the injection well bank. It should be noted that water 
level changes do not exceed 0.25 feet for the period October 4, 1991, to February 26, 
1992. Potentiometric surface contour maps of four data sets have been prepared and 
are shown on Figures 7 - 1 0 .  All water level data and additional well hydrographs 
are presented in Appendix C.
As can be seen from the potentiometric maps, groundwater flow on site is 
approximately west-south west at a gradient of 0.013, However, slight variations in 
flow direction and hydraulic gradient can be noted throughout the study area. These
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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variations are most likely due to variations in aquifer hydraulic conductivity and 
thickness. In addition, ground water flow directions vary slightly through the year. 
In July the average flow direction is S 78 W toward the creek. Throughout the 
summer, the average flow direction gradually shifts to a more westerly direction. 
Average flow directions calculated for October and November are roughly N 88 W, 
demonstrating a 14 degree rotation o f the average flow direction on site. These 
variations are most likely the result of seasonally controlled variations in aquifer 
recharge rates. Average flow directions seem to be most stable in the winter months 
when aquifer recharge rates are at a minimum.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Staff gauge and stream-bed piezometer data were analyzed in an effort to 
determine if the North Fork of Elk Creek is a gaining or losing stream in the vicinity 
o f the tracer test site. The data indicate that upward vertical gradients between 0.01 
and 0.05 are present along the majority o f the creek in the vicinity o f the site. 
However, slight downward vertical gradients were observed near ST-2 and ST-5.
Constant discharge aquifer tests and single well permeability tests were conducted 
and analyzed to obtain estimates of the distribution of hydraulic conductivity on site 
(Theis, 1935; Cooper and Jacob, 1946; Lohman, 1979; Hvorslev, 1951; Wylie and 
Wood, 1990). These values were used to develop a range o f hydraulic conductivities 
to be used for numerical modeling. A summary of these calculations is provided on 
Table 1. See Appendix D for permeability test data.
Water samples were collected on May 28, 1991 from selected wells on site, and 
from the North Fork of Elk Creek for the purposes o f characterizing the background 
water chemistry on site. Field parameters including pH, Eh, temperature and specific 
conductance were measured at the time of sample collection. Samples collected for 
cation analysis were filtered using a 0.45 micron filter and acidified with nitric acid 
in the field for preservation. Samples for both cation and anion analysis were 
collected in acid washed plastic bottles and refrigerated until analyzed. Cation 
analyses were performed using standard procedures on a Jarrel-Ash Atom Comp series 
800 inductively coupled argon plasma emission spectrometer (ICAPES). Anion 
analyses were performed using standard procedures on a Dionex Model 20001 liquid 
ion chromatograph (LIC). Results of these analyses are presented on Table 2.
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TABLE 1
Hydraulic Conductivity and Transmissivity Data
20
SLUG TEST RESULTS
NOTE; Slug tests analyzed using the Hvorslev method
WELL K in ft/day WELL K in ft/day
MPB-1 18 MPB-16 22
MPB-2 12 MPB-17 14
MPB-3 21 MPB-18 37
MPB-4 16 MPB-19 25
MPB-5 23 MPB-20 30
MPB-6 29 MPB-21 18
MPB-7 29 MPB-22 57
MPB-8 14 MPB-23 22
MPB-9 11 MPB-24 14
MPB-10 12 PW-1 50
MPB-11 27 W-1 47
MPB-12 8 W-2 14
MPB-13 2 W-4 105
MPB-14 34 W-6 14
MPB-15 39
PUMPING TEST RESULTS
NOTE; Values represent Transmissivity in ft2/day 
NA =  not analyzed
Pumping
Well
Obs.
Well
Puming
Rate
Theis
Match
Cooper-
Jacob
Distance
Drawdow
W-1 MPB-18 7.7 gpm 38 NA NA
W-2 W-4 3.3 gpm 269 298 321
1-1 1-2 5.4 gpm 92 NA NA
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TABLE 2 
Water Chemistry Data 
Samples Collected 5/28/91
2 1
FIELD PARAMETERS
NOTE: Temperature in degrees Centigrade
NOTE: Eh in millivolts
NOTE: Conductance in micromhos
Sample Temp pH Eh Cond.
W-2 6.2 7.1 86.7 110
W-3 6.2 6.4 15.5 120
W-4 6.3 6.8 16.3 95
W-5 6.0 6.6 -18.5 150
W-6 6.3 7.3 -11.0 105
MPB-6 7.1 6.3 61.0 90
Elk Cr. 7.1 6.9 189.5 25
CATION ANALYSES 
L.O.D. =  limit of detection
mg/L
Sample AI Ca Mg Mn Na SI Fe
Elk Cr. 0.195 7.4 1.5 <0.018 1.84 10.5 0.13
W-2 0.24 53.6 9.7 0.20 30.9 11.0 0.65
W-3 0.26 44.1 8.7 0.10 15.0 11.8 3.20
W-4 0.22 48.1 9.0 0.08 28.7 10.5 3.30
W-5 1.93 41.3 7.8 0.07 33.0 13.3 2.70
W-6 0.065 61.7 11.4 0.11 11.4 10.0 1.80
MPB-6 0.048 49.0 8.6 0.07 48.4 10.0 0.28
L.O.D. 0.031 0.0013 0.013 0.0018 1.192 0.021 0.0083
ANION ANALYSES
Sample F Cl N 0 3 H P04 S 0 4 Br
W-2 0.94 7.04 0.12 0.94 99.86 <0 .20
W-3 0.95 2.95 <0.04 <0.60 49.49 <0 .20
W-5 2.25 4.95 0.67 <0.60 50.67 <0.20
W-6 0.99 6.85 0.08 <0.60 97.78 <0.20
MPB-6 2.75 0.84 <0.04 <0.60 65.26 <0 .20
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These data indicate that the chemistry o f water in the Elk Creek aquifer and the 
water in the North Fork of Elk Creek are quite different. The Elk Creek aquifer is 
characterized by water with high total dissolved solids (TDS) as is indicated by 
specific conductance values ranging from 90 to 120 micromhos. This is typical of 
aquifer waters and is a result of chemical equilibration between the water and the 
aquifer materials (Hem, 1985). The aquifer waters have Eh values ranging from -
11.0 to 86.7 millivolts, and concentrations o f dissolved iron ranging from 0.28 to 3.30 
mg/L. Both the Eh and iron values are indicative of reducing conditions. The North 
Fork Elk Creek waters area characterized by lower total dissolved solids (TDS) as is 
indicated by the specific conductance of 25 micromhos. Also, the water contains 
dissolved oxygen concentrations presumably in equilibrium with the atmosphere, 
which is reflected by the Eh value of 189.5 millivolts. The recorded concentration 
of dissolved iron in the creek is 0.13 mg/L. Some of this iron may be complexed 
with organic acids, or be present as a colloidal suspension o f amorphous iron 
oxyhydroxides (Pierce and Moore, 1982; Davis and Leckie, 1978), and may not be 
truly in solution.
2.1 CONCEPTUAL M ODEL O F ELK  CREEK  AQUIFER
A conceptual model of the Elk Creek aquifer in the vicinity o f the study area was 
developed based on the information obtained in the site characterization phase o f this 
project. The Elk Creek aquifer is interpreted to extend vertically from the water table 
to the top o f the weathered bedrock. The lateral extent o f the aquifer is limited by
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the presence o f bedrock on both the north and south edges o f the North Fork o f Elk 
Creek valley (Figure 2). The base of the aquifer is interpreted to be the contact 
between sand and gravel deposits and the green sandy clay (Figure S). Recharge from 
bedrock is interpreted to be negligible.
The unconfined aquifer consists of three hydrostratigraphic units. The upper most 
unit, layer 1, consists of the dark brown silty loam interpreted to be a soil horizon. 
Throughout most o f the site, only one to three feet of this material is saturated. This 
unit is characterized by relatively low hydraulic conductivity, ranging from 0.3 to 3.0 
ft/d. Layer 2 is comprised of a pervasive unit of sand, gravel and cobbles that 
underlies the soil horizon. It is approximately three to four feet thick throughout the 
site, and is characterized by hydraulic conductivities, ranging from 3.0 to 40.0 ft/d. 
Layer three is a highly variable unit in both grain size and thickness. It consists of 
materials underlying layer 2, and overlying the weathered bedrock. Layer 3 includes 
sand and gravel containing lenses of medium and fine sand, and ranges in thickness 
from approximately 3 to 10 ft.
The North Fork o f Elk Creek is interpreted to be a gaining stream within the study 
area. However, several small losing reaches may be present as is indicated by the 
measured downward vertical gradients at ST-2 and ST-5. Interaction between the 
aquifer and the creek may be limited by the presence of low hydraulic conductivity 
materials in the upper portions of the aquifer. Calculations of groundwater flux 
into the eastern boundary of the site were based on estimates of several aquifer 
parameters. These estimates are as follows, an average hydraulic gradient of 0.035
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(dimensionless), a cross-sectional area o f 785 and an estimated average hydraulic 
conductivity o f 6 ft/day + - 4  ft/day. The calculations indicate that approximately 165 
ft^/day + - 8 3  ft^/day o f groundwater enter as lateral underflow at the eastern end of 
the study area. While some of this underflow may discharge to the North Fork of 
Elk Creek, the majority of this water most likely exits the study area as underflow.
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3.0 NATURAL GRADIENT TRACER TEST
Conservative ion concentrations are often introduced as tracers, and used to study 
groundwater flow directions and velocities (Davis et a l., 1985). The bromide ion was 
selected as the groundwater tracer for this study for the following reasons:
1) Bromide and other halides are considered to be among the most non-reactive 
ions in groundwater (Freeze and Cherry, 1979, Murray et a l.,1981, 
Whittemore, 1988).
2) Quantitative analysis for bromide using a bromide electrode or LIC methods 
are both expedient and inexpensive (Skoog, 1985; Molz et al. 1989).
3) Natural background levels of bromide in groundwater are usually very low 
(Hem, 1985).
4) Concentrations o f bromide typically used in tracer tests pose no 
measurable environmental or health effects (Schmotzer, 1973).
Although bromide has long been considered a non-reactive ion, recent work by 
Wilson and Gabet (1992) indicates that bromide may be removed from solution to 
some degree by fine grained geologic materials. They cite anion exchange on the 
surfaces o f clay minerals as the mechanism for removal. The reported values o f 6 to 
10 percent uptake for fine grained soils, and they present evidence that indicates the 
reactions involved are reversible. It is important to note that their experiments were 
conducted without interferences of other ions. Trivalent and divalent anions such as 
orthophosphate and sulfate, and monovalent anions with hydrated radii smaller than
25
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that of bromide, such as nitrate would most likely out-compete bromide for anion 
exchange sites (D. B. Kent, per. com., 1992).
In an effort to determine if sorption would retard the transport of bromide in the 
Elk Creek aquifer, laboratory experiments were conducted on samples of the aquifer 
material using bromide standards prepared in the Elk Creek aquifer sample matrix (see 
Appendix E for sample procedures and results). Figure 11 is a graph of bromide 
concentration vs. time for five of these experiments. As can be seen from this graph, 
measured bromide concentrations did not vary more than 4% of the initial 
concentration of 1000 mg/L. This trend is substantiated by experiments conducted at 
lower concentrations as well. Therefore, it was not possible to demonstrate within 
experimental error, that sorption is a significant mechanism for the removal or 
retardation of bromide in the Elk Creek aquifer.
1100
1080
1060
1040
1020
1000
980
d 960
940
920
900
10 20 30 40
Time in Days
50
A
B
C
D
60
Figure 11: Graph bromide concentration vs. time for five selected experiments. 
A, B, C and D are soil samples collected from the Elk Creek Aquifer.
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3.1 TRACER TEST PROCEDURES
Approximately 300 gallons of tracer solution with an average bromide 
concentration o f 1420 mg/L was prepared by dissolving lithium bromide salt in water 
extracted from the Elk Creek aquifer. On October 4, 1991, the solution was gravity 
drained into wells I - l ,  1-2, 1-4, and 1-5. These wells are screened from the base of 
the aquifer to the water table, so that tracer was introduced to the entire thickness of 
the aquifer.
Tracer solution was drained into each well at an approximate rate of 0.2 gpm for 
a period o f six hours and 20 minutes. The slow injection rate was chosen to reduce 
spreading of the plume due to the injection process. Water level measurements taken 
during and after the injection period indicate that groundwater mounding due to tracer 
injection had dissipated within two hours after the injection was completed.
3,2 SAMPLING AND ANALYSIS PROCEDURES
In order to monitor the tracer concentration distribution, water samples were 
collected from the multi level sampling devices (MPB-1 to MPB-24) and from the 
injection wells. Groundwater samples were collected using a peristaltic pump and 
were placed in acid washed plastic bottles. Sampling points and wells were purged 
prior to sample collection. In the early portions o f the experiment, samples were field 
screened using a bromide electrode to limit the number o f unnecessary samples.
Water samples were analyzed in the laboratory using a Fischer bromide electrode
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according to the methods outlined by Fischer. Seven standard solutions o f bromide 
were prepared by dissolving lithium bromide in water extracted from the Elk Creek 
aquifer prior to the tracer experiment. The solutions range in concentration from 1 
mg/L to 1000 mg/L. These solutions were used to construct a seven point calibration 
curve for each set o f analyses. Both the standards and samples were spiked with 
Fischer ionic strength adjustment buffer to reduce matrix interference effects. In 
order to evaluate the analysis error and limits o f detection associated with the bromide 
electrode, duplicate samples were analyzed for bromide using LIC methods for the 
first two rounds o f sampling. Comparison electrode and LIC results indicate that 
electrode measurements are accurate to' within 4%  and that the detection limit for 
bromide is 2 mg/L. Both the percent error and detection limit for the electrode are 
higher than values provided by Fischer. This is most likely due to sample matrix 
interference phenomenon (Skoog, 1985).
3.3 EXPERIMENTAL RESULTS
The network of multi-level sampling devices was sampled nine times during the 
first two months o f the experiment, and six times during the next three months. The 
test was run for a period of 159 days, after which time the majority o f the tracer 
plume had exited the existing sampling network. The results of all analyses are 
presented in Appendix F. As a result of the very low hydraulic conductivity o f layer 
1, more than 85 % o f  sampling points in this layer would not yield water samples. 
For this reason the discussion of tracer migration will concentrate on layers 2 and 3.
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Tracer concentration contour maps were prepared for layers 2 and 3 at selected 
times during the experiment, and are shown on Figures 12 through 19. The maps for 
layer 2 indicate that the centroid of the plume migrated at a rate of approximately 
1.47 ft/d. Very little lateral spreading was observed during the early portions of the 
test. However, significant longitudinal spreading was observed, resulting in an 
elongate tracer plume. It is evident in the figures for layer 3, that the tracer plume 
was influenced by two zones having distinctly different groundwater flow velocities 
(the location o f these two zones is shown on Figure 16). This velocity contrast 
resulted in pronounced longitudinal plume spreading. Tracer in the high velocity zone 
traveled at an average rate of 1.10 ft/d, while tracer in the slow zone traveled at an 
average rate of 0.25 ft/d. After approximately 47 days, it appears that the tracer in 
the low velocity zone was diverted into the high velocity zone.
In both layer 2 and layer 3, the plume partially exited the multi-level sampling 
network. This was primarily a caused by variations in groundwater flow direction 
between the spring of 1991, when the instruments were installed, and the fall o f 1991, 
when the test was initiated. In December, 1991 six sets of nested piezometers (P-1 
to P-4, P-9, and P-10) were installed by hand to supplement the sampling array. Data 
from these instruments were helpful in defining the northern edge of the plume.
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3.4 TRACER TEST DATA ANALYSIS
In an effort to quantify the amount of tracer present in layer I, mass balance 
calculations were performed on three of the most complete tracer concentration data 
sets. For these calculations the aquifer porosity was assumed to be 0.20. The 
percentage of the total injected tracer mass that could be accounted for in layers 2 and 
3 ranged from 63% to 128%. These estimates indicate that there is at least 37% error 
associated with these calculations. Error associated with these calculations was 
compounded by the fact that the tracer plume partially exited the sampling network. 
It was therefore not possible to quantify the amount of tracer present in layer 1 during 
the tracer test.
A one-dimensional analysis was performed on the bromide data collected in MPB- 
1, MPB-2, MPB-23, and MPB-24 in order to estimate the longitudinal dispersivity of 
the aquifer. Type curves were prepared according to the methods outlined by Sauty 
(1980) for an instantaneous injection slug of tracer introduced to a system governed 
by one-dimensional uniform flow. The analytical solution to the advection-dispersion 
equation for these conditions is as follows:
F) = -^ -^ -y ^ e X p  ( l- t jg )  (1 )
with
( — -----  ( 1 -  t ^ )  2) (2 )
^ ^Rmax
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where
( l + p - ^ >  t i / n e  o f  p e a i r  c o n c .
p e a k  c o n c e n t r a t i o n
P = i X / a )  P e c  l e t  n u m b e r  
a= a q u i f e r  d i s p e r s i v i t y  
X  =  d i s t a n c e  o f  p l u m e  t r a v e l
Normalized breakthrough curves were prepared from measured concentration data. 
These curves were then matched to type curves, and values of aquifer dispersivity 
were derived from Peclet numbers associated with the type curve matched. Figure 
20 is an example o f a normalized breakthrough curve.
Table 3 provides a summary o f calculated longitudinal dispersivity values 
(normalized breakthrough curves and type curves can be found in Appendix G). As 
can be seen from this table, calculated longitudinal dispersivity values range from 
0.012 to 4.5 ft. Values calculated from data recorded close to the point of injection 
are lower than values calculated from data recorded at larger distances. This trend
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Figure 20: Normalized tracer breakthrough curve for MPB-2-3
TABLE 3
Summary of Calculated Dispersivity Values
Sample Pt. Peclet # DiSt, (ft.) Dispersivity (ft.)
MPB-1-1 800 12 0.015
MPB-1-2 1000 12 0.012
MPB-1-3 1000 12 0.012
MPB-1 -4 900 12 0.013
MPB-1-6 50 12 0.240
MPB-1-7 100 12 0.120
MPB-2-3 100 13 0.130
MPB-2-4 400 13 0.033
MPB-2-7 50 13 0.260
MPB-24-1 8 36 4.500
MPB-24-2 9 36 4.000
MPB-24-7 60 36 0.600
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is consistent with the observed scaling effect o f dispersivity described by Cherry et 
al. (1975), Bredehoeft (1976), Domenico and Robbins (1984), Davis, 1986), Neuman 
(1990) and others. Typically values o f transverse dispersivity are at least one order 
of magnitude lower than longitudinal dispersivity values (Cherry et al., 1975; Goode 
and Konikow, 1990). Transverse dispersivity was estimated to be approximately 0.20 
ft in the horizontal direction and 0.10 ft in the vertical direction.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.0 NUMERICAL FLOW MODEL
4.1 MODEL CONSTRUCTION
A numerical flow model of the site was constructed using the USGS three- 
dimensional groundwater flow model, MODFLOW (McDonald and Harbaugh, 1988). 
In accordance with my conceptual model, I represented the Elk Creek aquifer as a 
three-layer unconfined system. Hydrographs for wells on site indicate that water level 
fluctuations did not exceed 0.25 ft for the period October 1991 to March 1992 (the 
period of the tracer experiment). Figure 21 is a map showing calculated groundwater 
flow directions in the area of tracer plume migration for selected times during the 
tracer experiment. As can be seen from this map, variations in flow direction do not 
exceed 5 degrees. Therefore the aquifer was assumed to be essentially under steady 
state conditions during this period, and was modeled as such.
A 37 by 18 node variable spaced grid was overlain on the area to be modeled 
(Figure 22). Grid spacing ranges from 5 to 20 ft, and spacing increases do not exceed 
a factor o f 1.5, to minimize numerical errors associated with the grid construction 
(Anderson and Woessner, 1992). The finely dissected portion o f the model grid 
corresponds to the area in which the tracer plume migration occurred. The x-axis is 
aligned with the principle flow direction in the Elk Creek aquifer.
Initial estimates of the hydraulic conductivity distribution for each layer were 
based on the results of slug test and pumping test data analyses. Because there were 
no field hydraulic conductivity data available for layer 1, estimates of hydraulic 
conductivity for layer 1 were inferred from transmissivity data derived from pump
42
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
43
/N
r M P B - 2
MPB- 3
M PB ■ 4
T r i o n q u l o i e d  G r o u n w o i e r  
F  I o w  D i r e c t  l of t
0 10 g —1 1 T—1
F IGURE 2 I Ma p  S h o w i n g  T r i a n g u l a i e d  G r o u n d -  
Wa l e r  F l o w  D i r e c t i o n s  f ' o r  Do l o  C o l l e c t e d  on  
1 0 / 4 / 9 1  I 1 /  2 6  / 9 1 .  1 /  2 6  / 9  2 a n d  2 / 2 6 / 9 2
tests. These data were compared with hydraulic conductivity values quoted in the 
literature for similar sediments (Freeze and Cherry, 1979; Fetter, 1980; Domenico 
and Schwartz, 1990). A hydraulic conductivity of 0.3 ft/day was assigned to all nodes 
in layer 1. Field data were available for layer 2 and layer 3. The results of both slug 
tests and pump tests were used to generate initial estimates o f hydraulic conductivity 
at each active model node. These initial estimates will be referred to as hydraulic 
conductivity matrix A. Matrix A for layer 2 and layer 3 are shown on Figure 23. 
Typically, vertical hydraulic conductivity is at least one order of magnitude lower than 
horizontal hydraulic conductivity in stratified geologic materials (Freeze and Cherry, 
1979). Vertical conductance values for each node were calculated assuming that the 
vertical hydraulic conductivity values were 10% as large as the horizontal values.
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Figure 23: Hydraulic conductivity matrix A for layers 2  and 3
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4.2 AQUIFER BOUNDARY CONDITIONS
The eastern, or upgradient model boundary was simulated as a constant flux 
boundary. Injection wells were placed in all three layers along this boundary. 
Weighted injection rates were calculated according to cell hydraulic conductivity and 
cross-sectional area. The total flux rate into the model along this boundary is 165 
ft^/d, which corresponds to estimated flux along this boundary outlined in the 
conceptual model. The northern and southern boundaries o f the aquifer correspond 
to bedrock contacts, and were therefore modeled as no-flow boundaries. Although 
some flux across these boundaries most likely occurs, it is considered to be negligible 
relative to flux within the Elk Creek aquifer.
The western, or downgradient boundary o f the modeled area was simulated using 
constant head nodes. Head values for this boundary were interpolated from data 
collected on February 26, 1992. The North Fork of Elk Creek was simulated using 
the River package (version 1) of MODFLOW. The location o f the creek as simulated 
by the model is shown on Figure 22. River bottom conductance was treated as a 
fitted parameter, and input values were adjusted during the calibration process.
4.3 FLOW MODEL CALIBRATION
The steady state flow model was calibrated to aquifer water level data collected 
on February 26, 1992. This represents the most complete water level data set for the 
site, resulting from the installation of additional piezometers (P-5 - P-8). Thirty-one 
calibration points area were selected within the modeled area. Figure 24 is a map
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showing the locations o f calibration targets. Because the location o f model grid nodes 
and well locations do not exactly correspond, target head values for model calibration 
nodes were interpolated from adjacent wells.
The size of the calibration target was evaluated using methods outlined by 
Anderson and Woessner (1992b). Error associated with well elevation control and 
water level measurement procedures is estimated to be 0.05 ft., and error associated 
with calibration target interpolation both horizontally and vertically is approximately 
0.03 ft. Therefore, combined measurement and model error is estimated to be 0.08 
ft. The model was calibrated by adjusting the distribution o f aquifer hydraulic 
conductivity and stream bed conductance, until head values calculated by the model 
approached observed head values at each o f the calibration targets. These aquifer 
parameters were adjusted within acceptable ranges based on field measurement 
variations and associated measurement error. Hydraulic conductivity values for 
aquifer materials were allowed to vary between 0.3 ft/d and 60.0 ft/d, and hydraulic 
conductivity of stream bed sediments stream bed conductance were allowed to vary 
between 4.0 ft/d and 50.0 ft/day. Flux into the model was treated a known 
parameter, and was not adjusted during the calibration process.
The closeness o f fit for the steady state simulation was quantitatively evaluated by 
comparing model calculated head values with those recorded on February 26, 1992, 
at each calibration point. Error at specific calibration points within the model was 
evaluated as follows; a point of Level I calibration has a model calculated head value 
within 0.08 ft of the field measured target value. A point o f Level II calibration must
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be within 0.16 ft o f the target value, and the ensuing calibration levels must be within 
their respective multiples of the initial target of 0.08 ft.
The mean absolute error (MAE) and root mean square error (RMS) were used 
as methods of quantifying the average model error associated with the calibration. 
These terms are defined as follows:
where
n = n u m b e z  o f  c a l i b r a t i o n  t a r g e t s
h j„ = m e a su r e d  h e a d  v a l u e
h ^ = m o d e l  c a l c u l a t e d  h e a d  v a l u e
The MAE represents the average error associated with each calibration target and the 
RMS is the standard deviation of these values.
Table 4 is a summary of the error associated with the calibrated flow model. The 
model was calibrated to a Level I at 67.1%  o f the calibration points, to Level II at 
12.9%, to Level III at 9.7% , to Level IV at 6.4% and to Level VI at 3.2% of the 31 
calibration points. The MAE of the calibration is 0.0994 ft, and the RMS is 0.14 ft.
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LAYER 1
WELL MEASURED SIMULATED DIFFERENCE LEVEL
P-8 96.81 96.56 -0.25 IV
MP-1 96.70 96.62 -0.08 1
LAYER 2
1-5 96.02 95.95 -0.07 1
1-4 96.01 95.96 -0.05 1
1-1 96.00 95.96 -0.04 1
1-2 95.99 95.96 -0.03 1
1-3 96.13 96.05 -0.08 1
W-5 95.79 95.77 -0.02 1
W-6 95.01 94.94 -0.07 1
W-1 94.60 94.80 0.20 III
PW-1 94.62 94.79 0.17 III
LAYERS
MPB-1 95.71 95.79 0.08 1
MPB-2 95.71 95.77 0.06 1
MPB-3 95.72 95.78 0.06 1
MPB-4 95.74 95.78 0.04 1
MPB-5 95.79 95.85 0.06 1
MPB-6 95.61 95.70 0.09 II
MPB-7 95.59 95.63 0.04 1
MPB-8 95.54 95.58 0.04 1
MPB-9 95.55 95.58 0.03 1
MPB-24 95.57 95.58 0.01 1
MPB-23 95.25 95.30 0.05 1
MPB-10 95.50 95.35 -0.15 II
MPB-11 95.53 95.41 -0.12 II
MPB-13 95.55 95.52 -0.03 1
MPB-22 94.93 94.92 -0.01 1
MPB-15 95.20 95.07 -0.13 II
MPB-16 95.47 95.29 -0.18 III
MPB-17 95.00 94.69 -0.31 IV
MPB-19 95.08 94.59 -0.49 VII
MPB-21 94.29 94.25 -0.04 1
MAE = 0.099 RMS =  0.141
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4.5 SENSITIVITY ANALYSIS
A sensitivity analysis was performed on the calibrated flow model to determine the 
d ^ re e  to which variations in specific parameters affect calculated head values. In this 
analysis an input parameter was uniformly increased or decreased throughout the 
modeled area. The model was run, and the MAE was recorded. Parameters 
evaluated in this analysis include hydraulic conductivity, flux into the upgradient 
boundary, stream bed conductance and stream stage. The results of the sensitivity 
analysis are shown on Figure 25. The parameters which clearly exhibit the most 
influence on calculated head values are hydraulic conductivity, and flux along the 
upgradient model boundary. The model is moderately sensitive to changes in stream 
bed conductance and stream stage.
The hydraulic conductivity distribution for the calibrated flow model will be 
referred to as hydraulic conductivity matrix B. The hydraulic conductivity matrix in 
layer 1 remained unchanged during flow model calibration as a result o f the lack of 
calibration targets in this layer. Contour maps o f hydraulic conductivity matrix B for 
layer 2 and 3 are shown on Figure 26.
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Figure 26: Hydraulic conductivity matrix B for layers 2 and 3
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5.0 SOLUTE TRANSPORT M O D EL
5.1 M ODEL CONSTRUCTION
A solute transport model of the site was constructed using MT3D (Zheng, 1990), 
a three-dimensional solute transport model designed to be used in conjunction with 
MODFLOW. This code was selected because it is virtually free of numerical 
dispersion and oscillation, flexible for a variety of field conditions, and is efficient 
with respect to computer memory and execution time. The code uses a mixed 
Eulerian-Lagrangian approach to solve the advection-dispersion equation.
Groundwater velocity vectors are calculated by the model using hydraulic 
conductivity and gradient data imported directly from MODFLOW. Velocity is 
calculated as follows:
V=—  ( 5 )
n
where:
K  = h y d r a u l i c  c o n d u c t i v i t y  
i  = h y d r a u l i c  g r a d i e n t  
n  = p o r o s i t y
5.2 M ODEL PARAM ETERIZATION
The objective of the solute transport model was to simulate conditions present 
during the natural gradient tracer experiment. Solute transport simulations were
54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
initiated at the time o f injection. Values for the source concentration were calculated 
on weighted injection volumes for each injection cell based on estimates of hydraulic 
conductivity. The initial concentration for the injection cell was calculated by 
assuming that the mass o f tracer injected into a particular cell was evenly diluted 
throughout the cell, and that the porosity of the aquifer materials is 0.20.
Porosity was assumed to be 0.20 throughout the modeled area. As can be seen 
from equation 5, hydraulic conductivity is directly proportional to velocity and 
porosity is inversely proportional to velocity. It is therefore not possible to isolate 
hydraulic conductivity during the calibration of a model based on velocity calculations. 
The actual fitted parameter being calibrated is the ratio of hydraulic conductivity to 
porosity. Subsequently, some of the variation in the calibrated hydraulic conductivity 
field could be attributed to porosity variations. However, because porosity varies over 
a much smaller range of values than hydraulic conductivity (Freeze and Cherry 1979), 
large variations in this ratio are most likely the result o f variations in hydraulic 
conductivity.
A dispersivity value o f 1.0 ft was used in the final calibration o f the solute 
transport model. Dispersivity was treated as a fitted parameter, and was adjusted 
within the range o f values calculated in the one-dimensional analysis o f the tracer 
breakthrough data. It was assumed that the migration and mass of bromide tracer was 
not affected by sorption or decay phenomenon, as supported by data in Appendix E.
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5.3 MODEL CALIBRATION
The solute transport model was calibrated by making adjustments in aquifer 
dispersivity and hydraulic conductivity. In order to adjust the hydraulic conductivity 
distribution it was necessary to make these changes in the flow model and generate 
new gradient and flux data to be imported into MT3D. Preliminary evaluation o f the 
solute transport model involved comparison o f tracer concentration contour maps 
prepared from field data to those generated from model calculated data. Examples o f 
model generated concentration contour plots are shown on Figures 2 7 -3 1 . Some of 
the discrepancies between concentration plots prepared from field data and the model- 
calculated plots can be attributed to an incomplete field data set, and errors associated 
with the concentration interpolation scheme utilized. Therefore, in order to refine the 
calibration of the solute transport model, breakthrough curves calculated by the model 
were compared with those measured in the field. Additional hydraulic conductivity 
and dispersivity adjustments were made until the concentration breakthrough data 
calculated by the model approached field measured breakthrough curves. Figures 32 
through 36 arc examples o f calibrated breakthrough curves.
The hydraulic conductivity distribution for the calibrated solute transport model 
will be referred to as hydraulic conductivity matrix C. Contour maps o f hydraulic 
conductivity matrix C for layer 2 and 3 o f the calibrated solute transport model are 
presented on Figure 37.
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Figure 27: Model calculated tracer distribution plots
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Figure 28; Model calculated tracer distribution plots
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Figure 29: Model calculated tracer distribution plots
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Figure 30: Model calculated tracer distribution plots
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Figure 31 ; Model calculated tracer distribution plots
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Figure 32: Tracer breakthrough curve comparisons for MPB-1
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Figure 33: Tracer breakthrough curve comparisons for MPB-2
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Figure 34; Tracer breakthrough curve comparisons for MPB-3
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6.0 RESULTS AND DISCUSSION
Hydraulic conductivity distributions estimated from field data (matrix A), derived 
from flow model calibration (matrix B), and derived from solute transport calibration 
(matrix C) will be compared in this section. Because of the scarcity of head and 
solute data for layer 1, the estimated hydraulic conductivity distribution in layer 1 
remained unchanged throughout the calibration process. Therefore this discussion will 
concentrate on layers 2
Table 5 is a summary of some statistical parameters calculated for each hydraulic 
conductivity matrix. The standard deviation and variance of each matrix give some 
estimate of the degree of heterogeneity in the interpreted hydraulic conductivity field. 
Hydraulic conductivity difference maps, showing changes in hydraulic conductivity 
for each model calibration are presented on Figures 38 and 39. These maps are plots 
o f values resulting from the subtraction of one matrix from another (ie. matrix A - 
matrix B). They show the spatial distribution of hydraulic conductivity adjustments 
during each calibration process.
6.1 LAYER 2
Initial hydraulic conductivity estimates (matrix A) for layer 2 comprise a relatively 
homogeneous domain with a mean hydraulic conductivity of 20.7 ft/d and a standard 
deviation of 3.74 ft/d. Matrix B for layer 2 has a mean of 14.27 ft/d and a standard 
deviation of 6.68 ft/d, indicating that hydraulic conductivity adjustments made during 
the flow model calibration process resulted in a more heterogeneous interpreted
68
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TABLES
Statistical Summary of Hydraulic Conductivity Matricies
69
MATRIX A =  initial estimates based on field data 
MATRIX B =  Values used in calibrated flow model 
MATRIX C =  Values used in calibrated solute transport model 
NOTE; values represent hydraulic conductivity in ft/d
LAYER 1 Mean Std. Dev. Variance
MATRIX A 1.81 1.76 3.10
LAYER 2 Mean Std. Dev. Variance
MATRIX A 20.70 3.74 14.00
MATRIX B 14.27 6.68 44.63
MATRIX 0 14.26 7.38 54.41
LAYERS Mean Std. Dev. Variance
MATRIX A 19.42 6.39 40.88
MATRIX B 16.37 8.39 70.33
MATRIX 0 16.13 8.80 77.51
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hydraulic conductivity field. Contour maps of these matrices are shown on Figures 
23 and 26. The increased variability o f matrix B shows up clearly on these maps. 
In addition it should be noted on Figure 38 that adjustments in hydraulic conductivity 
were made throughout the modeled area during the flow model calibration.
The statistics for matrix C in layer 2 are quite similar to those for matrix B. 
Hydraulic conductivity adjustments made during the solute transport model calibration 
process resulted in almost no change in the mean value for the matrix. However, the 
standard deviation increased from 6.68 ft/d in matrix B to 7.38 ft/d for matrix C, 
indicating that the solute transport calibration resulted in an increase in the 
heterogeneity of the interpreted hydraulic conductivity field for layer 2.
Figure 39 clearly shows that adjustments in hydraulic conductivity made during 
the solute transport model calibration were limited to the area o f documented tracer 
plume migration. This is because tracer concentration calibration targets were limited 
to this area of the model.
6.2 LAYER 3
Trends ctoserved in hydraulic conductivity distributions during each model 
calibration for layer 3 are similar to those observed in layer 2. The initial hydraulic 
conductivity distributions (matrix A) appears relatively homogeneous (Figure 23). 
However, the standard deviation of 6.39 ft/d for matrix A indicates that this matrix 
is more heterogeneous than matrix A for layer 2. This is most likely the result of the 
higher number of field hydraulic conductivity measurements in layer 3. The flow
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
73
model calibration resulted in a standard deviation of 8.39 ft/d for matrix B, indicating 
an increase interpreted aquifer heterogeneity. Figure 38 shows that flow model 
calibration hydraulic conductivity adjustments were again model wide.
The statistics for matrix C indicate that the solute transport model calibration had 
a less pronounced effect on hydraulic conductivity distribution than the flow model 
calibration. The standard deviation for matrix C is 8.80 ft/d indicating a slight 
increase in interpreted aquifer heterogeneity. Figure 39 shows that the adjustments 
in hydraulic conductivity made during the solute transport model calibration were 
concentrated in the area of documented tracer plume migration.
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7.0 CONCLUSIONS 
The results o f this study indicate that the use o f natural gradient tracer data as 
calibration targets in numerical flow modeling do result in changes in interpreted 
hydraulic conductivity fields. The fact that the combined flow and solute transport 
model can now reproduce two independent sets o f field measured data (heads and 
solute concentrations) provides additional evidence that the model is, in fact, a 
reasonable description of the groundwater flow system on this site. In this case the 
coupled flow and solute transport models were used as an interpretive tool to solve 
for the aquifer hydraulic conductivity distribution. However, this type of approach 
combined with additional independent calibration targets such as fluxes and water 
balance estimates would also provide additional evidence that a model could be used 
as a predictive tool.
It should be noted that the use of tracer test data as calibration targets clearly has 
limitations. As can be seen on Figure 39, hydraulic conductivity adjustments 
implemented during the solute transport model calibration were limited to the area of 
documented tracer plume movement. This technique might be more effective if  larger 
tracer plumes were introduced to aquifers with higher average flow velocities. In this 
way, a larger portion of the aquifer would be evaluated in light o f the tracer 
concentration data. Contaminant concentration data could be used as calibration 
targets at sites with contaminant plumes at steady state, or where contaminant release 
histories were well documented. Naturally occurring isotope plumes could be used 
as calibration targets as is shown by Krabbenhoft et al (1990). These techniques
74
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
75
would result in solute transport model calibration over larger portions of an 
aquifer. Another limitation o f the use of tracer concentration data as calibration 
targets involves the introduction of aquifer parameters and tracer properties in the 
solute transport model that are not present in the flow model. Specifically these 
parameters include aquifer porosity and dispersivity, along with the chemical 
properties of the tracer. The introduction of these additional parameters introduces 
uncertainty to the solute transport model. The selection o f non-reactive tracers such 
as bromide, chloride, or oxygen isotopes reduces error introduced by the chemical 
properties o f the tracer.
Despite the limitations of simultaneous calibration of flow and solute transport 
models, it is concluded that this technique results in a more convincing argument that 
the models approximate natural flow systems. Future work in this area should 
concentrate on methods o f calibrating solute transport models over larger domains of 
the flow model in use. In addition a model validation analysis should be performed 
on the Elk Creek model using an independent set of field data. Another tracer 
experiment in a different portion of the aquifer would generate a set of data that could 
be used for model validation.
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•----— Of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
108
MjkITH tL k  LNlILk
LUR»<ECT a xp£ ,^  A' ;.T>4l fL-i2.1T5”
U-Cll MPB - 7Z
< S (Z i9 C 0 « K  C(X>
I
cStiGAMic
SOIL
T^LvE'.'. 4
j
3
V
5-
t.
-a .
f2trti&n * GCX 
ÿ/iWÎ Cr̂ /lvET. 
r;*;v^-C5i?î>c^
r
?
— /o
'— f t
--7ir
/?
-H
- /S '
z/7
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D RILLIN G  M ETHODS
Tracer injection wells and mini-piezometer bundles were installed using a hollow- 
stern auger drill rig. The augers have a 9 1/4-inch inside diameter. Borings were 
advanced to approximately 20 ft below ground surface, with a steel or wooden plate 
in the auger bit to prevent cuttings from entering the augers. Instruments were placed 
in the hollow stem of the auger, and the augers were withdrawn. The formation was 
allowed to collapse against the instruments. Above the water table, where the 
formation did not collapse, the holes were backfilled with gravel. A bentonite seal 
was placed within two feet of the ground surface.
Piezometers and mini-piezometers were installed with a bucket auger and fence post 
driver. Holes were augered to the water table, at which time the instruments were 
driven to desired depth. The mini-piezometers were constructed with 1/4-inch 
aluminum electrical conduit. They are open only at the bottom, and have a steel wool 
screen. The piezometers were constructed with 1/2-inch black steel pipe slotted near 
the end with a hacksaw.
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SEISMIC REFRACTION SURVEY SUMMARY 129
POINT =  Geophone Location 
Tit =  intercept time of V1 (seconds)
Ti2 =  intercept time of V2 (seconds)
VO = velocity in first layer (ft/sec)
V1 = velocity in second layer (ft/sec)
V2 = velocity in third layer (ft/sec)
Z1 = calculated thickness of layer 1 (ft) 
Z2 = Calculated thickness of layer 2 (ft)
POINT Til Ti2 VO VI V2 Z1 Z2
G1 0.023 690 17391 8.0
G2 0.013 0.028 995 4724 15384 6.8 36.3
G3 0.020 0.027 1053 5882 15384 10.7 20.8
G4 - 0.021 0.026 833 7407 17241 8.8 20.5
G5 0.016 0.030 625 5347 16901 5.0 38.3
G6 0.013 0.030 1026 4968 21333 7.0 40.4
G7 0.017 0.028 958 4300 21052 8.3 22.8
G8 0.011 0.024 1124 3333 14814 6.3 22.3
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SEISMIC REFRACTION SURVEY DATA 
Dist. =  Distance from Source to Geophone in 
Time *  First Arrival Time in Milliseconds
130
G-1
Dist. Time
90 28.6
80 27.8
70 27.4
60 26.2
50 25.8
40 25.4
30 24.7
20 24.3
15 22.5
10 15.7
5 5.4
0 0
G-2
Dist. Time
110 30.7
100 30.1
90 29.5
80 28.9
70 28.2
60 26.6
50 23.8
40 21.5
30 20.3
20 17.5
15 15.3
10 11.1
5 6.5
0 0
G-3
Dist. Time
70 31.4
60 30.6
50 28.6
40 27
30 25.3
20 19.7
15 14.7
10 9.9
5 5
0 0
80 31.9
90 32.6
Feet
G-4
Dist. Time
70 30.6
60 29
50 28.2
40 27.7
30 24.1
20 22.9
15 16.7
10 12.5
5 7
0 0
80 30.9
90 31.3
100 31.9
G-5 G-6 G-7 G-8
Dist. Time
70 28.6
60 25.8
50 24.6
40 22.3
30 21.1
20 20.7
15 18.7
10 16.5
5 9.9
0 0
80 31.3
90 32.5
100 34.9
110 35.5
120 36.3
130 36.8
140 37.3
Dist. Time
70 28.2
60 24.6
50 23
40 21.8
30 19.9
20 18.1
15 14.7
10 11.7
5 5.2
0 0
130 35.4
120 35
140 35.8
110 32.5
100 31.8
90 30.5
80 29.5
150 36.3
160 36.7
Dist. Time
70 29.8
60 29.4
50 28.6
40 25.8
30 23.9
20 18.9
15 15.3
10 11.9
5 6.2
0 0
80 30.3
90 30.7
Dist. Time
70 28.6
60 27.8
50 26.7
40 22.5
30 19.9
20 16.9
15 12.8
10 9.1
5 5.2
90 30.2
100 30.6
80 29.4
110 31.8
120 32.4
2 1.8
130 32.8
140 33.3
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WATER LEVEL DATA
North Fork Elk Creek Tracer Test Site 
Lubrecht Experimental Forest
Water Table Elevations In Feet Above an Assumed Bench 
NA =  reading not available
DATE 1-5 1-4 1-1 1-2 1-3 MPB-1
6/1/91 96.75 96.8 96.76 96.66 96.67 96.45
6/12/91 96.62 96.66 96.53 96.53 96.56 96.32
7/6/91 96.57 96.59 96.52 96.52 96.54 96.29
7/23/91 96.17 96.19 96.15 96.12 96.15 95.89
8/30/91 95.75 95.78 95.72 95.76 95.82 96.42
9/17/91 95.74 95.78 95.74 95.78 95.85 95.43
10/4/91 95.60 95.75 95.72 95.74 95.81 95.39
10/26/91 95.81 95.81 95.80 95.81 95.87 95.46
11/6/91 96.02 96.05 96.04 96.04 96.16 95.56
11/13/91 96.11 96.14 96.11 96.18 96.26 95.76
11/25/91 95.93 95.95 95.92 95.94 95.99 95.58
1/26/92 95.98 96.01 95.98 96.03 96.11 95.58
a /2 6 /9 2 96.00 96.02 95.99 96.02 96.09 95.68
3/8/92 96.37 96.38 96.35 96.43 96.44 96.05
3/24/92 96.65 96.64 96.63 96.73 96.72 96.33
DATE MPB-2 MPB-3 MPB-4 MPB-5 W-5 MPB-6
6/1/91 96.32 96.43 96.31 96.44 NA 96.14
6/12/91 96.22 96.3 96.18 96.31 NA 95.98
7/6/91 96.29 96.26 96.26 96.27 NA 96.14
7/23/91 95.89 95.89 95.87 95.88 95.83 95.74
8/30/91 95.45 95.46 95.46 95.50 95.48 95.34
9/17/91 95.43 95.47 95.47 95.5 95.48 95.33
10/4/91 95.45 95.49 95.45 95.52 95.50 95.37
10/26/91 95.52 95.55 95.55 95.60 95.60 95.42
11/6/91 95.73 95.76 95.80 95.84 95.81 95.64
11/13/91 95.73 95.76 95.76 95.90 95.82 95.68
11/25/91 95.65 95.70 95.68 95.73 95.73 95.53
1/26/92 95.63 95.68 95.76 95.80 95.79 95.59
2/26/92 95.71 95.74 95.79 95.81 95.84 95.61
3/8/92 96.09 96.11 96.10 96.15 96.11 95.96
3/24/92 96.33 96.41 96.38 96.47 96.39 96.24
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WATER LEVEL DATA
North Fork Elk Creek Tracer Test Site 
Lubrecht Experimental Forest
Water Table Elevations in Feet Above an Assumed Bench 
NA =  reading not available
DATE MLS-5 MPB-7 MLS-4 MLS-2 W-2 MPB-8
6/1/91 96.2 96.24 NA 95.83 NA 96.15
6/12/91 96.05 96.07 NA 95.7 NA 96
7/6/91 96.19 96.12 96.19 96.26 96.19 96.1
7/23/91 95.82 95.74 95.77 95.83 95.79 95.74
8/30/91 95.37 95.35 95.34 95.35 95.33 NA
9/17/91 95.29 95.33 95.34 95.33 95.35 95.31
10/4/91 95.39 95.35 95.34 95.38 95,31 95.33
10/26/91 95.41 95.42 95.41 95.42 95.40 95.39
11/6/91 95.62 95.68 95.63 95.57 NA 95.58
11/13/91 95.71 95.72 95.67 95.53 95.69 95.58
11/25/91 95.59 95.54 95.45 95.52 95.50 95.48
1/26/92 95.55 95.59 95.60 95.63 NA 95.60
2/26/92 95.59 95.61 95.62 95.66 NA 95.57
3/8/92 95.99 95.96 95.99 96.02 95.91 95.95
3/24/92 96.27 96.28 96.27 96.33 96.19 96.27
DATE W-4 MPB-9 MLS-6 MPB-24 MLS-7 MLS-3
6/1/91 NA 96.31 96.2 96.23 NA NA
6/12/91 NA 96.15 96.07 96.09 NA NA
7/6/91 96.12 96.13 96.27 96.15 96.15 96.17
7/23/91 95.77 95.74 95.81 95.75 95.73 95.75
8/30/91 95.28 NA 95.34 95.30 95.33 95.34
9/17/91 95.33 95.53 95.33 95.3 95.3 95.33
10/4/91 95.37 95.37 95.34 95.31 NA 95.35
10/26/91 95.43 95.38 95.40 95.37 95.39 95.40
11/6/91 95.61 95.51 95.56 95.56 95.63 95.63
11/13/91 95.68 95.59 95.63 95.60 95.71 95.74
11/25/91 95.53 95.56 95.49 95.50 95.53 95.52
1/26/92 95.57 95.56 NA 95.52 95.58 95.60
2/26/92 95.58 95.56 NA 95.58 94.62 95.60
3/8/92 95.97 95.98 96.04 95.95 95.98 96.00
3/24/92 96.25 96.26 96.32 96.21 96.26 96.28
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WATER LEVEL DATA
North Fork Elk Creek Tracer Test Site 
Lubrecht Experimental Forest
Water Table Elevations in Feet Above an Assumed Bench 
NA =  reading not available
DATE MPB-19 MPB-18 W-1 PW-1 MPB-20 MPB-21
6/1/91 96.26 NA NA NA 94.87 95.65
6/12/91 96.13 NA NA NA 94.74 95.52
7/6/91 95.64 95.38 95.42 95.40 95.24 95.05
7/23/91 95.25 94.92 94.95 94.98 94.81 94.58
8/30/91 94.88 94.47 94.48 94.47 94.39 94.16
9/17/91 94.90 94.51 94.50 94.49 94.39 94.17
10/4/91 94.91 94.52 94.47 NA 94.39 94.17
10/26/91 95.05 94.47 94.50 94.52 94.44 94.22
11/6/91 95.19 94.66 94.69 94.68 94.61 94.36
11/13/91 95.22 94.77 94.77 94.83 94.72 94.50
11/25/91 95.10 94.62 94.62 94.67 94.54 94.32
1/26/92 95.18 94.62 NA 94.65 94.55 94.30
2/26/92 95.10 94.62 94.59 94.65 94.53 94.30
3/8/92 95.42 94.98 94.98 95.04 94.89 94.65
3/24/92 95.70 95.31 95.26 95.32 95.17 94.99
DATE ST-1 ST-2 ST-3 ST-4 ST-5 ST-6
6/1/91 97.35 96.44 95.40 95.01 94.21 93.15
6/12/91 97.22 96.31 95.27 94.88 94.08 93.02
7/6/91 97.29 96.14 95.00 94.65 94.00 92.93
7/23/91 96.85 95.84 94.71 95.21 93.85 92.77
8/30/91 96.86 95.79 94.67 94.48 93.79 92.71
9/17/91 NA NA NA NA NA NA
10/4/91 96.86 95.96 95.56 93.62 93.98 92.75
10/26/91 96.99 96.04 95.62 93.63 93.89 92.84
11/6/91 97.47 96.38 96.12 94.23 94.56 93.22
11/13/91 97.37 96.36 96.21 94.30 94.63 93.40
11/25/91 NA NA NA NA NA NA
1/26/92 NA NA NA NA NA NA
2/26/92 96.78 NA 95.65 93.69 93.33 92.81
3/8/92 96.95 95.92 95.70 93.78 93.41 92.90
3/24/92 NA NA NA NA NA NA
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WATER LEVEL DATA
North Fork Elk Creek Tracer Test Site 
Lubrecht Experimental Forest
Water Table Elevations in Feet Above an Assumed Bench 
NA =  reading not availabie
DATE MPB-23 MPB-10 MPB-11 MPB-12 MPB-13 W-3
6/1/91 96.01 96.12 96.10 96.63 96.17 NA
6/12/91 95.88 95.96 95.94 96.51 96.04 NA
7/6/91 95.99 96.08 96.06 96.07 96.06 96.11
7/23/91 95.57 95.67 95.66 95.67 95.69 95.68
8/30/91 95.07 95.22 95.26 95.27 95.29 95.29
9/17/91 95.04 95.29 95.29 95.58 95.36 95.29
10/4/91 95.04 95.27 95.29 95.29 95.35 95.30
10/26/91 95.13 95.29 95.36 95.32 95.34 95.39
11/6/91 95.24 95.52 95.56 95.55 95.57 95.58
11/13/91 95.26 95.46 95.52 95.59 95.59 95.70
11/25/91 95.23 95.46 95.46 95.37 95.53 95.48
1/26/92 95.22 95.50 95.50 95.52 95.62 NA
2/26/92 95.25 95.50 95.53 NA 95.55 NA
3/8/92 95.67 95.84 95.85 NA 95.89 NA
3/24/92 95.93 96.12 96.18 NA 96.17 NA
DATE W-6 MPB-22 MPB-14 MPB-15 MPB-16 MPB-17
6/1/91 NA 96.68 95.57 95.79 95.90 95.69
6/12/91 NA 96.55 95.43 95.7 95.77 95.56
7/6/91 95.82 95.74 95.64 95.92 95.95 95.47
7/23/91 95.36 95.38 95.23 95.54 95.54 95.12
8/30/91 94.83 94.74 94.75 95.14 95.16 94.78
9/17/91 94.82 94.78 94.75 95.15 95.16 95.00
10/4/91 94.87 94.78 94.75 95.16 95.22 94.87
10/26/91 94.83 94.83 94.79 95.22 95.26 94.85
11/6/91 95.02 94.94 94.93 95.46 95.50 95.10
11/13/91 95.12 95.05 95.04 95.58 95.51 95.22
11/25/91 94.97 94.94 94.88 95.37 95.38 95.05
1/26/92 NA 94.93 94.88 95.38 95.44 95.09
2/26/92 95.02 94.93 94.90 95.39 95.46 95.04
3/8/92 95.43 95.38 95.30 95.69 95.78 95.29
3/24/92 95.71 95.62 95.58 96.03 96.06 95.61
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WATER LEVEL DATA
North Fork Elk Creek Tracer Test Site 
Lubrecht Experimental Forest
Water Table Elevations in Feet Above an Assumed Bench 
NA =  reading not available
DATE ST-7 ST-8 P5 P6 P7 P8
6/1/91 91.94 NA NA NA NA NA
6/12/91 91.81 NA NA NA NA NA
7/6/91 91.66 NA NA NA NA NA
7/23/91 91.54 NA NA NA NA NA
8/30/91 91.47 NA NA NA NA NA
9/17/91 NA NA NA NA NA NA
10/4/91 91.52 NA NA NA NA NA
10/26/91 91.56 NA NA NA NA NA
11/6/91 91.96 NA NA NA NA NA
11/13/91 92.16 NA NA NA NA NA
11/25/91 NA NA NA NA NA NA
1/26/92 NA NA NA NA NA NA
2/26/92 91.51 93.81 98.07 97.24 98.23 96.82
3/8/92 91.60 93.89 98.43 97.60 98.59 97.18
3/24/92 91.88 NA 98.71 97.88 98.87 97.46
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APPEINDEX D - Aquifer Permeability Test Data
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Pump Test Data for 1-1 
Data Recorded in 1-2 
Q =  5.3 gpm
T(mln) DD(ft) T(min) PP(ft) T(mln) DD(ft)
0.01 0.00 2.12 0.38 3.25 0.76
0.07 0.01 2.17 0.39 3.28 0.77
0.27 0.02 2.20 0.40 3.35 0.78
0.57 0.03 2.22 0.41 3.43 0.79
0.72 0.04 2.25 0.42 3.52 0.80
0.82 0.05 2.32 0.43 3.65 0.81
0.88 0.06 2.35 0.44 3.85 0.82
0.95 0.07 2.38 0.45 4.07 0.83
1.02 0.08 2.42 0.46 4.53 0.84
1.07 0.09 2.43 0.47 5.05 0.85
1.12 0.10 2.47 0.48
1.17 0.11 2.52 0.49
1.20 0.12 2.53 0.50
1.23 0.13 2.57 0.51
1.27 0.14 2.60 0.52
1.30 0.15 2.63 0.53
1.35 0.16 2.68 0.54
1.38 0.17 2.72 0.55
1.40 0.18 2.75 0.56
1.43 0.19 2.77 0.57
1.47 0.20 2.80 0.58
1.53 0.21 2.83 0.59
1.55 0.22 2.85 0.60
1.58 0.23 2.88 0.61
1.62 0.24 2.90 0.62
1.65 0.25 2.92 0.63
1.70 0.26 2.93 0.64
1.72 0.27 2.95 0.65
1.75 0.28 2.97 0.66
1.80 0.29 2.98 0.67
1.83 0.30 3.00 0.68
1.88 0.31 3.05 0.69
1.92 0.32 3.07 0.70
1.95 0.33 3.08 0.71
1.98 0.34 3.10 0.72
2.02 0.35 3.13 0 73
2.05 0.36 3.17 1 0.74
2.08 0.37 3 2 0 0.75
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Pump Test Data for W-1 
Data Recorded in MPB-18 
Q -  7.7 gpm
W-1 pumping well MPB-18 monitoring well
T (min) DD (ft) T (min) DD (ft) T (min) DD(ft) T (min) DD (ft)
0 01 0.04 0.60 1.84 1.25 3.16 1.90 3.77
0.02 0.07 0.63 1.89 1.27 3.17 1.92 3.78
0.03 0.11 0.65 1.94 1.28 3.19 1.93 3.79
0.05 0.15 0.67 1.98 1.30 3.21 1.95 3.80
0.07 0.19 0.68 2.02 1.32 3.22 1.97 3.81
0.08 0.23 0.70 2.06 1.35 3.24 1.98 3.82
0,10 0.25 0.72 2.10 1.37 3.26 2.00 3.83
0.12 0.27 0.73 2.14 1.38 3.27 2.02 3.84
0.13 0.28 0.77 2.23 1.40 3.29 2.07 3.86
0.15 0.29 0.78 2.28 1.42 3.30 2.08 3.87
0.17 0.31 0.80 2.33 1.43 3.32 2.10 3.88
0.18 0.32 0.82 2.36 1.45 3.33 2.12 3.89
0.20 0.34 0.83 2.39 1.47 3.35 2.13 3.90
0 23 0.37 0.85 2.43 1.48 3.36 2.15 3.91
0.25 0.40 0.87 2.55 1.50 3.38 2.18 3.93
0.27 0.46 0.88 2.57 1.52 3.39 2.22 3.94
0.28 0.51 0.90 2.60 1.53 3.40 2.23 3.95
0.30 0.58 0.92 2.63 1.55 3.42 2.25 3.96
0.32 0.64 0.93 2.65 1.57 3.43 2.27 3.97
0.33 0.71 0.95 2.68 1.60 3.46 2.28 3.98
0.35 0.78 0.98 2.70 1.62 3.48 2.30 3.99
0.37 0.86 1.00 2.73 1.63 3.49 2.32 4.00
0.38 0.93 1.02 2.75 1.65 3.50 2.33 4.01
0.40 1.00 1.03 2.78 1.67 3.54 2.37 4.02
0.42 1.07 1.05 2.80 1.70 3.55 2.38 4.03
0.43 1.14 1.07 2.82 1.72 3.57 2.40 4.04
0.45 1.20 1.08 2.85 1.73 3.58 2.42 4.05
0.47 1.27 1.10 2.87 1.75 3.60 2.47 4.06
0.48 1.33 1.12 2.89 1.78 3.62 2.48 4.07
0.50 1.42 1.13 2.92 1.80 3.63 2.50 4.08
0.52 1.47 1.15 2.96 1.82 3.64 2.52 4.09
0.53 1.53 1.18 3.00 1.83 3.65 2.55 4.11
0.55 1.70 1.20 3.02 1.85 3.66 2.57 4.14
0.57 1.74 1.22 3.04 1.87 3.77 2.58 4.15
0.58 1.78 1.23 3.12 1.88 3.76 2.62 4.16
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Pump Test on W-1 (continued)
T (min) DD (ft) T (min) DD(ft) T (min) DD(ft)
2.63 4.17 3.78 4.60 5.70 5.02
2.67 4.18 3.83 4.61 5.78 5.03
2.68 4.19 3.87 4.62 5.88 5.04
2.72 4.20 3.90 4.63 5.97 5.05
2.75 4.21 3.97 4.64 P 6 .0 3 5.06
2.77 4.22 4.00 4.65 6.07 5.07
2.78 4.23 4.03 4.66 6.08 5.15
2.83 4.32 4.07 4.77 6.10 5.14
2.85 4.31 4.08 4.75 6.17 5.15
2.90 4.32 4.10 4.74 6.27 5.16
2.93 4.33 4.17 4.75 6.33 5.17
2.95 4.34 4.22 4.76 6.40 5.18
2.98 4.35 4 25 4.77 6.50 5.19
3.02 4.36 4.32 4.78 6.60 5.20
3.05 4.37 4.37 4.79 6.73 5.21
3.08 4.38 4.42 4.80 6.87 5.22
3.12 4.39 4.48 4.81 6.95 5.23
3.17 4.40 4.53 4.82 7.03 5.24
3.18 4.41 4.58 4.83 7.13 5.25
3.23 4.42 4.65 4.84 7.23 5.26
3.27 4.43 4.73 4.85 7.38 5.27
3.30 4.44 4.80 4.86 7.48 5.28
3.35 4.45 4.85 4.87 7.62 5.29
3.38 4.46 4.90 4.88 7.73 5.30
3.42 4.47 4.97 4.89 7.87 5.31
3.43 4.48 5.03 4.90 8.00 5.32
3.48 4.49 5.10 4.91 8.18 5.33
3.52 4.50 5.17 4.92 8.35 5.34
3.57 4.51 5.22 4.93 8.48 5.35
3.60 4.52 5.28 4.94
3.63 4.54 5.33 4.95
3.65 4.56 5.37 4.98
3.70 4.57 5.47 4.99
3.72 4.58 5.57 5.00
3.75 4.59 5.63 5.01
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Slug Test Data for MPB-2 
DD -  ft below static water level
T (min) DD (ft) T (min) DD(ft) T (min) DD(ft) T (min) DD(ft)
0.01 2.00 2.65 1.48 7.15 1.12 13.12 0.76
0.03 1.93 2.75 1.47 7.28 1.11 13.25 0.75
0.07 1.88 2.88 1.46 7.45 1.10 13.45 0.74
0.10 1.83 2.98 1.45 7.55 1.09
0.13 1.81 3.12 1.44 7.73 1.08
0.17 1.79 3.18 1.43 7.90 1.07
0.20 1.78 3.28 1.42 8.10 1.06
0.23 1.77 3.42 1.41 8.23 1.05
0.27 1.76 3.52 1.40 8.37 1.04
0.33 1.75 3.63 1.39 8.50 1.03
0.37 1.74 3.73 1.38 8,63 1.02
0.45 1.73 3.87 1.37 8.82 1.01
0.52 1.72 4.00 r  1.36 8.95 1.00
0.62 1.71 4.13 1,35 9.08 0.99
0.68 1.70 4 23 1,34 9.25 0.98
0.75 1.69 4.37 1.33 9.38 0.97
0.82 1.68 4.50 1.32 9.52 0.96
0.88 1.67 4.60 1.31 9.72 0.95
0.95 1.66 4.75 1.30 9.90 0.94
1.05 1.65 4.88 1.29 10.10 0.93
1.12 1.64 4.98 1.28 10.30 0.92
1.22 1.63 5.08 1.27 10.47 0.91
1.32 1.62 5.18 1.26 10.65 0.90
1.38 1.61 5.32 1.25 10.78 0.89
1.45 1.60 5.42 1.24 11.02 0.88
1.53 1.59 5.52 1.23 11.15 0.87
1.63 1.58 5.65 1.22 11.32 0.86
1.73 1.57 5.83 1.21 11.48 0.85
1.83 1.56 5.97 1.20 11.67 0.84
1.90 1.55 6.13 1.19 11.83 0.83
2.00 1.54 6.30 1.18 11.97 0.82
2.10 1.53 6.43 1.17 12.17 0.81
2.20 1.52 6.62 1.16 12.37 0.80
2.30 1.51 6.75 1.15 12.57 0.79
2.40 1.50 6.88 1.14 12.78 0.78
2.50 1.49 7 02 1.13 12.95 0.77
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Slug Test Data for MPB-3 
DD -  ft below static water level
T (min) DD (ft) T (min) DD(ft) T (min) DD(ft) T (min) DD(ft)
0.01 1.65 1.22 0.94 2.55 0.57 5.12 0.21
0.03 1.56 1.25 0.93 2.58 0.56 5.27 0.20
0.07 1.52 1.28 0.92 2.65 0.55 5.37 0.19
0.10 1.48 1.32 0.91 2.68 0.54 5.47 0.18
0.13 1.45 1.35 0.89 2.75 0.53 5.60 0.17
0.17 1.43 1.38 0.88 2.82 0.52 5.73 0.16
0.20 1.41 1.42 0.87 2.85 0.51 5.87 0.15
0.23 1.39 1.47 0.86 2.92 0.50 5.97 0.14
0.27 1.36 1.50 0.85 2.95 0.49 6.10 0.13
0.30 1.34 1.53 0.84 3.02 0.48 6.25 0.12
0.33 1.33 1.57 0.83 3.05 0.47 6.45 0.11
0.37 1.31 1.60 0.82 3.13 0.46 6.75 0.10
0.42 1.29 1.63 0.81 3.18 0.45 6.98 0.09
0.45 1.27 1.67 0.80 3.27 0.44 7.27 0.08
0.48 1.25 1.70 0.79 3.33 0.43 7.53 0.07
0.52 1.24 1.73 0.78 3.40 0.42
0.55 r 1.22 1.77 0.77 3.43 0.41
0.58 1.21 1.80 0.76 3.53 0.40
0.62 1.19 1.83 0.75 3.60 0.39
0.65 1.17 1.87 0.74 3.67 0.38
0.68 1.16 1.90 0.73 3.73 0.37
0.72 1.14 1.93 0.72 3.80 0.36
0.75 1.13 1.97 0.71 3.87 0.35
0.78 1.11 2.00 0.70 3.93 0.34
0.82 1.10 2.03 0.69 4.03 0.33
0.85 1.08 2.10 0.68 4.12 0.32
0.88 1.07 2.13 0.67 4.18 0.31
0.92 1.05 2.17 0.66 4.28 0.30
0.95 1.04 2.20 0.65 4.38 0.29
0.98 1.03 2.23 0.64 4.45 0.28
1.02 1.01 2.30 0.63 4.55 0.27
1.05 1.00 2.35 0.62 4.65 0.26
1.08 0.99 2.38 0.61 4.72 0.25
1.12 0.98 2.42 0.60 4.78 0.24
1.15 0.96 2 45 0.59 4.88 0.23
1.18 0.95 2.52 0.58 4.98 0.22
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Slug Test Data for MPB-4 
DD =  ft below static water level
T  (min) DD (ft) T (min) DD(ft) T (min) DD (ft) T (min) DD (ft)
0.01 2.12 1.22 1.10 2.47 0.70 4.53 0.34
0.03 1.89 1.25 1.09 2.50 0.69 4.63 0.33
0.07 1.84 1.28 1.08 2.53 0.68 4.72 0.32
0.10 1.78 1.32 1.07 2.60 0.67 4.82 0.31
0.13 1.74 1.35 1.05 2.63 0.66 4.92 0.30
0.17 1.70 1.38 1.04 2.67 0.65 5.02 0.29
0.20 1.67 1.42 1.03 2.70 0.64 5.08 0.28
0.23 1.64 1.45 1.01 2.73 0.63 5.18 0.27
0.27 1.62 1.48 1.00 2.82 0.62 5.28 0.26
0.30 1.59 1.52 0.99 2.85 0.61 5.38 0.25
0.33 1.57 1.55 0.98 2.88 0.60 5.48 0.24
0.37 1.55 1.58 0.96 2.95 0.59 5.62 0.23
0.40 1.52 1.62 0.95 2.98 0.58 5.77 0.22
0.43 1.50 1.65 0.94 3.02 0.57 5.90 0.21
0.47 1.48 1.68 0.93 3.08 0.56 6.07 0.20
0.50 1.46 1.73 0.92 3.12 0.55 6.23 0.19
0.53 1.44 1.77 0.91 3.18 0.54 6.47 0.18
0.57 1.42 1.80 0.90 3.22 0.53 6.70 0.17
0.60 1.40 1.83 0.88 3.28 0.52
0.63 1.38 1.87 0.87 3.35 0.51
0.67 1.36 1.90 0.86 3.38 0.50
0.70 1.34 1.93 0.85 3.45 0.49
0.73 1.32 1.97 0.84 3.52 0.48
0.77 1.31 2.00 0.83 3.58 0.47
0.82 1.29 2.03 0.82 3.67 0.46
0.85 1.27 2.07 0.81 3.70 0.45
0.88 1.25 2.10 0.80 3.80 0.44
0.92 1.24 2.13 0.79 3.87 0.43
0.95 1.22 2.17 0.78 3.93 0.42
0.98 1.21 2.20 0.77 4.00 0.41
1.02 1.19 2.23 0.76 4.07 0.40
1.05 1.18 2.27 0.75 4.13 0.39
1.08 1.16 2.33 0.74 4.20 0.38
1.12 1.15 2.37 0.73 4.30 0.37
1.15 1.13 2.40 0.72 4.37 0.36
1.18 1.12 2.43 0.71 4.43 0.35
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Slug Test Data for MPB-5 
DD =  ft below static water level
T (min) D D (ft) T (min) DD(ft) T (min) DD(ft) T (min) DD(ft)
0.01 1.93 0.75 1.49 1.81 1.13 3.31 0.77
0.03 1.87 0.78 1.48 1.83 1.12 3.36 0.76
0.05 1.85 0.80 1.47 1.86 1.11 3.45 0.75
0.06 1.82 0.83 1.46 1.90 1.10 3.50 0.74
0.08 1.81 0.85 1.45 1.95 1.09 3.55 0.73
0.10 1.79 0.88 1.44 1.98 1.08 3.60 0.72
0.11 1.78 0.90 1.43 2.01 1.07 3.65 0.71
0.13 1.77 0.93 1.42 2.05 1.06 3.71 0.70
0.15 1.76 0.96 1.41 2.08 1.05 3.76 0.69
0.16 1.75 1.00 1.40 2.11 1.04 3.83 0.68
0.18 1.74 1.01 1.39 2.15 1.03 3.90 0.67
0.20 1.73 1.03 1.38 2.18 1.02 3.96 0.66
0.21 1.72 1.06 1.37 2.25 1.01 4.03 0.65
0.25 1.71 1.10 1.36 2.28 1.00 4.10 0.64
0.26 1.70 1.11 1.35 2.31 0.99 4.15 0.63
0.28 4.25 1.15 1.34 2.35 0.98 4.21 0.62
0.30 1.69 1.16 1.33 2.38 0.97 4.30 0.61
0.31 1.68 1.20 1.32 2.43 0.96 4.36 0.60
0.33 1.67 1.23 1.31 2.46 0.95 4.43 0.59
0.35 1.66 1.25 1.30 2.51 0.94 4.51 0.58
0.38 1.65 1.28 1.29 2.55 0.93 4.58 0.57
0.40 1.64 1.31 1.28 2.60 0.92 4.66 0.56
0.41 1.63 1.35 1.27 2.65 0.91 4.75 0.55
0.43 1.62 1.36 1.26 2.70 0,90 4.83 0.54
0.46 1.61 1.41 1.25 2.73 0.89 4.90 0.53
0.48 1.60 1.45 1.24 2.78 0.88 4.98 0.52
0.50 1.59 1.48 1.23 2.81 0.87
0.53 1.58 1.50 1.22 2.86 0.86
0.55 1.57 1.53 1.21 2.91 0.85
0.56 1.56 1.56 1.20 2.95^ 0.84
0.60 1.55 1.60 1.19 3.00 0.83
0.61 1.54 1.63 1.18 3.06 0.82
0.66 1.53 1.66 1.17 3.11 0.81
0.68 1.52 1.70 1.16 3.16 0.80
0.70 1.51 1.71 1.15 3.21 0.79
0.73 1.50 1.76 1.14 3.26 0.78
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Slug Test Data for MPB-6 
DD =  ft below static water level
T (min) DDCft) T (min) DD(ft) T (min) DD(ft) T (min) DD(ft)
0.01 1.83 1.21 1.09 2.61 0.72 4.65 0.36
0.03 1.76 1.25 1.08 2.65 0.71 4.75 0.35
0.06 1.72 1.28 1.07 2.68 0.70 4.81 0,34
0.10 1.70 1.31 1.06 2.71 0.69 4.88 0.33
0.13 1.68 1.35 1.05 2.78 0.68 4.95 0.32
0.16 1.66 1.38 1.04 2.81 0.67 5.01 0.31
0.20 1.64 1.41 1.03 2.85 0.66 5.13 0.30
0.23 1.62 1.46 1.02 2.91 0.65 5.20 0.29
0.26 1.60 1.50 1.00 2.95 0.64 5.26 0.28
0.30 1.59 1.53 0.99 3.01 0.63 5.36 0.27
0.33 1.57 1.56 0.98 3.08 0.62 5.43 0.26
0.36 1.56 1.60 0.97 3.11 0.61 5.53 0.25
0.41 1.54 1.63 0.96 3.15 0.60 5.63 0.24
0.45 1.53 1.66 0.95 3.21 0.59 5.70 0.23
0.48 1.52 1.73 0.94 3.30 0.58 5.80 0.22
0.51 1.50 1.76 0.93 3.33 0.57 5.86 0.21
0.55 1.49 1.80 0.92 3.40 0.56 5.98 0.20
0.58 1.47 1.83 0.91 3.46 0.55 6.08 0.19
0.61 1.45 1.86 0.90 3.50 0.54 6.18 0.18
0.65 1.44 1.90 0.89 3.56 0.53 6.31 0.17
0.68 1.42 1.93 0.88 3.63 0.52 6.41 0.16
0.71 1.40 1.96 0.87 3.66 0.51 6.55 0.15
0.75 1.25 2.00 0.86 3.73 0.50 6.65 0.14
0.78 1,24 2.06 0.85 3.80 0.49 6.78 0.13
0.81 1.23 2.10 0.84 3.86 0.48 6.88 0.12
0.85 1.22 2.13 0.83 3.93 0.47 6.98 0.11
0.88 1.20 2.16 0.82 3.96 0.46 7.13 0.10
0.91 1.19 2.20 0.81 4.03 0.45 7.23 0.09
0.95 1.18 2.23 0.80 4.11 0.44 7.33 0.08
0.98 1.17 2.30 0.79 4.18 0.43 7.46 0.07
1.01 1.15 2.33 0.78 4.25 0.42 7.56 0.06
1.05 1.14 2.38 0.77 4.31 0.41 7.70 0.05
1.08 1.13 2.41 0.76 4.38 1 0.40 7.80 0.04
1.11 1.12 2.48 0.75 4.45 0.39 7.95 0.03
1.15 1.11 2.51 0.74 4.55 0.38 8.08 0.02
1.18 1.10 2.55 0.73 4.58 0.37 8.25 0.01
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Slug Test Data for MPB-7 
DD =  ft below static water level
T (min) DD (ft) T (min) DD(ft) T (min) DD (ft)
0.01 1.67 1.23 0.61 2.55 0.21
0.03 1.52 1.27 0.59 2.58 0.20
0.07 1.43 1.30 0.58 2.65 0.19
0.10 1.37 1.33 0.56 2.68 0.18
0.15 1.33 1.37 0.55 2.75 0.17
0.18 1.29 1.40 0.54 2.82 0.16
0.22 1.25 1.43 0.53 2.85 0.15
0.25 1.21 1.47 0.51 2.92 0.14
0.28 1.18 1.50 0.50 3.00 0.13
0.32 1.16 1.53 0.49 3.07 0.12
0.35 1.13 1.57 0.47 3.13 0.11
0.38 1.10 1.60 0.46 3.20 0.10
0.42 1.07 1.63 0.45 3.30 0.09
0.45 1.05 1.67 0.44 3.37 0.08
0.48 1.02 1.70 0.43 3.43 0.07
0.52 1.00 1.73 0.42 3.53 0.06 1
0.55 0.97 1.77 0.41 3.63 0.05 1
0.58 [ 0.95 1.80 0.40 3.70 0.04
0.62 0.93 1.83 0.39 3.80 0.03
0.65 0.91 1.87 0.38 3.92 0.02
0.68 0.89 1.90 0.37 4.02 0.01
0.72 0.87 1.93 0.36 4.15 0.00
0.75 0.85 1.97 0.35
0.78 0.83 2.00 0.34
0.82 0.81 2.03 0.33
0.85 0.79 2.07 0.32
0.88 0.77 2.10 0.31
0.92 0.75 2.15 0.30
0.95 0.74 2.18 0.29
0.98 0.72 2.25 0.28 1
1.02 0.70 2.28 0.27 1
1.05 0.69 2.32 0.26
1.08 0.67 2.35 0.25
1.12 0.65 2.42 0.24
1.15 0.64 2.45 0.23
1.20 0.62 2.52 0.22
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Slug Test Data for MPB-8 
DD =  ft below static water level
T (min) DDCft) T (min) DDCft) T(m in) DD (ft) T (min) DDCft)
0.01 1.96 3.12 1.51 8.10 1.15 15.52 0 78
0.04 1.91 3.25 1.50 8.24 1.14 15.77 0.77
0.07 1.87 3.35 1.49 8.37 1.13 15.97 0.76
0.10 1.85 3.47 1.48 8.55 1.12 16.27 0.75
0.14 1.83 3.57 1.47 8.69 1.11 16.64 0.74
0.17 1.82 3.70 1.46 8.82 1-10 17.02 0.73
0.24 1.81 3.80 1.45 8.99 1.09 17.35 0.72
0.27 1.80 3.90 1.44 9.15 1.08 17.67 0.71
0.36 1.79 4.04 1.43 9.32 1.07 17.94 0.70
0.39 1.78 4.17 1.42 9.49 1.06 18.20 0.69
0.45 1.77 4.27 1.41 9.67 1.05 18.47 0.68
0.52 1.76 4.40 1.40 9.87 1.04 18.72 0.67
0.59 1.75 4.55 1.39 10.04 1.03 19.02 0.66
0.69 1.74 4.69 1.38 10.24 1.02 19.35 0.65
0.75 1.73 4.82 1.37 10.44 1.01 19.70 0.64
0.82 1.72 4.95 1.36 10.60 1.00 20.10 0.63
0.92 1.71 5.12 1.35 10.82 0.99
0.99 1.70 5.25 1.34 10.99 0.98
1.09 1.69 5.42 1.33 11.19 0.97
1.19 1.68 5.57 1.32 11.39 0.96
1.29 1.67 5.70 1.31 11.57 0.95
1.40 1.66 5.84 1.30 11.80 0.94
1.50 1.65 5.97 1.29 12.00 0.93
1.60 1.64 6.10 1.28 12.20 0.92
1-70 1.63 6.24 1.27 12.44 0.91
1.80 1.62 6.37 1.26 12.65 0.90
1.90 1.61 6.50 1.25 12.82 0.89
2.00 1.60 6.65 1.24 13.02 0.88
2.10 1.59 6.82 1.23 13.25 0.87
2.24 1.58 6.95 1.22 13.45 0.86
2.34 1.57 7.12 1.21 13.70 0.85
2.49 1.56 7.29 1.20 13.97 0.84
2.62 1.55 7.42 1.19 14.24 0.83
2.72 1.54 7.60 1.18 14.54 0.82
2.89 1.53 7.77 1.17 14.82 0.81
2.99 1.52 7.90 1.16 15.09 0.80
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Slug Test Data for MPB-9 
DD =  ft below static water level
157
T (min) DD (ft)
0.04 1.99
0.07 1.95
0.10 1.91
0.14 1.90
0.20 1.89
0.30 1.88
0.55 1.87
0.95 1.86
1.32 1.85
1.54 1.84
1.70 1.83
1.94 1.82
2.34 1.81
2.75 1.80
3.09 1.79
4.00 1.78
4.54 1.77
4.85 1.76
5.22 1.75
5.77 1.74
6.24 1.73
6.50 1.72
6.74 1.71
6.92 1.70
7.12 1.69
7.39 1.68
7.84 1.67
8.34 1.66
8.84 1.65
9.15 1.64
9.45 1.63
10.00 1.62
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Slug Test Data for MPB-10 
DD =  ft below static water level
T (min) DD (ft) T (min) DD(ft) T  (min) DD (ft)
0.01 1.94 1.22 1.11 2.95 0.70
0.03 1.87 1.25 1.10 3.05 0.69
0.07 1.83 1.28 1.09 3.15 0.68
0.10 1.80 1.32 1.07 3.28 0.67
0.13 1.76 1.35 1.03 3.42 0.66
0.17 1.73 1.38 1.02 3.52 0.65
0.20 1.70 1.42 1.01 3.68 0.64
0.23 1.68 1.45 1.00 3.90 0.63
0.27 1.65 1.48 0.99 4.07 0.62
0.30 1.62 1.52 0.97 4.37 0.61
0.33 1.60 1.55 0.96 4.47 0.60
0.37 1.57 1.58 0.95 4.70 0.59
0.40 1.55 1.62 0.94 5.15 0.58
0.43 1.53 1.68 0.93 5.75 0.57
0.47 1.51 1.72 0.92 6.57 0.56
0.50 1.49 1.75 0.91 7.48 0.55
0.53 1.47 1.80 0.90 10.60 0.54
0.57 1.45 1.83 0.89 10.93 0.53
0.60 1.43 1.87 0.88 13.58 0.52
0.63 1.40 1.93 0.87
0.67 1.38 1.97 0.86
0.70 1.36 2.00 0.85
0.75 1.34 2.03 0.84
0.78 1.33 2.10 0.83
0.82 1.31 2.13 0.82
0.85 1.29 2.20 0.81
0.88 1.28 2.23 0.80
0.92 1.26 2.30 0.79
0.95 1 2 5 2.37 0.78
0.98 1.23 2.43 0.77
1.02 1.21 2.47 0.76
1.05 1.20 2.53 0 75
1.08 1.18 2.60 0.74
1.12 1.16 2.68 0.73
1.15 1.14 2.78 0.72
1.18 1.13 2.88 0.71
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Slug Test Data for MPB-11 
DD -  ft below static water level
T (min) DD(ft) T (min) DD (ft) T (min) DD(ft) T (min) DD(ft)
0.01 1.91 1.63 1.45 4.10 1.10 7.28 0.75
0.03 1.83 1.70 1.44 4.20 1.09 7.43 0.74
0.07 1.81 1.77 1.43 4.27 1.08 7.53 0.73
0.10 1.79 1.83 1.42 4.33 1.07 7.63 0.72
0.13 1.78 1.90 1.41 4.45 1.06 7.77 0.71
0.17 1.76 2.00 1.40 4.52 1.05 7.90 0.70
0.20 1.75 2.07 1.39 4.62 1.04 8.00 0.69
0.27 1.74 2.13 1.38 4.68 1.03 8.13 0.68
0.30 1.73 2.20 1.37 4.75 1.02 8.27 0.67
0.33 1.72 2.27 1.36 4.85 1.01 8.42 0.66
0.37 1.71 2.33 1.35 4.92 1.00 8.55 0.65
0.40 1.70 2.40 1.34 5.02 0.99 8.72 0.64
0.47 1.69 2.47 1.33 5.08 0.98 8.85 0.63
0.52 1.68 2.55 1.32 5.18 0.97 9.02 0.62
0.55 1.67 2.62 1.31 5.25 0.96 9.12 0.61
0.58 1.66 2.68 1.30 5.35 0.95 9.30 0.60
0.65 1.65 2.75 1.29 5.42 0.94 9.40 0.59
0.68 1.64 2.82 1.28 5.53 0.93 9.53 0.58
0.75 1.63 2.88 1.27 5.63 0.92 9.70 0.57
0.78 1.62 2.98 1.26 5.70 0.91 9.83 0.56
0.82 1.60 3.05 1.25 5.80 0.90 10.00 0.55
0.85 1.59 3.12 1.24 5.90 0.89 10.17 0.54
0.88 1.58 3.18 1.23 5.97 0.88 10.35 0.53
0.92 1.57 3.25 1.22 6.07 0.87 10.48 0.52
0.98 1.56 3.32 1.21 6.17 0.86 10.65 0.51
1.05 1.55 3.38 1.20 6.27 0.85 10.78 0.50
1.12 1.54 3.45 1.19 6.38 0.84 10.95 0.49
1.18 1.53 3.48 1.18 6.48 0.83 11.12 0.48
1.25 1.52 3.60 1.17 6.58 0.82 11.28 0.47
1.32 1.51 3.67 1.16 6.68 0.81 11.50 0.46
1.35 1.50 3.73 1.15 6.78 0.80
1.38 1.49 3.80 1.14 6.88 0.79
1.45 1.48 3.87 1.13 6.98 0.78
1.48 1.47 3.97 1.12 7.08 0.77
1.52 1.46 4 03 1.11 7.18 0.76
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Slug Test Data for MPB-14 
DD =  ft below static water level
T (min) D D (ft) T (min) D D (ft) T (min) DD(ft) T (min) DD(ft)
0.01 1.94 0.58 1.04 1.33 0.65 2.50 0.29
0.02 1.63 0.60 1.03 1.37 0.64 2.57 0.28
0.03 1.58 0.62 1.02 1.38 0.63 2.60 0.27
0.05 1.52 0.63 1.01 1.43 0.62 2.67 0.26
0.07 1.48 0.65 1.00 1.45 0.61 2.70 0.25
0 08 1.45 0.67 0.99 1.47 0.60 2.75 0.24
0.10 1.43 0.68 0.98 1.50 0.59 2.82 0.23
0.12 1.40 0.72 0.97 1.52 0.58 2.87 0.22
0.13 1.39 0.73 0.96 1.55 0.57 2.95 0.21
0.15 1.37 0.75 0.94 1.57 0.56 3.00 0.20
0.17 1.35 0.78 0.93 1.60 0.55 3.07 0.19
0.18 1.33 0.82 0.90 1.62 0.54 3.13 0.18
0.20 1.32 0.85 0.89 1.65 0.53 3.20 0.17
0.22 1.30 0.87 0.88 1.67 0.52 3.28 0.16
0.23 1.29 0.88 0.87 1.70 0.51 3.37 0.15
0.25 1.27 0.90 0.86 1.73 0.50 3.43 0.14
0.27 1.26 0.92 0.85 1.77 0.49 3.52 0.13
0.28 1.25 0.93 0.84 1.78 0.48 3.62 0.12
0.32 1.23 0.95 0.83 1.83 0.47 3.77 0.11
0.33 1.22 0.97 0.82 1.87 0.46 3.88 0.10
0.35 1.21 0.98 0.81 1.90 0.45 3.97 0.09
0.37 1.19 1.02 0.80 1.92 0.44 4.03 0.08
0.38 1.18 1.03 0.79 1.95 0.43 4.15 0.07
0.40 1.17 1.05 0.78 1.98 0.42
0.42 1.16 1.08 0.77 2.02 0.41
0.43 1.14 1.10 0.76 2.05 0.40
0.45 1.13 1.13 0.75 2.08 0.39
0.47 1.12 1.15 0.74 2.12 0.38
0.48 1.11 1.17 0.73 2.18 0.37
0.50 1.10 1.18 0.72 2.22 0.36
0.52 1.09 1.22 0.71 2.25 0.35
0.53 1.07 1.23 0.70 2.30 0.34
0.55 1.06 1.25 0.69 2.33 0.33
0.57 1.05 1.27 0.68 2.38 0.32
0.58 1.04 1.30 0.67 2.42 0.31
0.60 1.03 1.32 0.66 2.45 0.30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
161
Slug Test Data for MPB-15 | 
DD -  ft below static water level
T (min) DD (ft) T  (min) DD (ft) T (min) DD (ft)
0.01 1.84 0.62 1.23 1.50 0.86
0.02 1.77 0.63 1.22 1.52 0.85
0.03 1.73 0.65 1.21 1.55 0.84
0.05 1.70 0.68 1.20 1.58 0.83
0.07 1.65 0.72 1.19 1.60 0.82
0.08 1.62 0.73 1.18 1.63 0.81
0.10 1.60 0.75 1.17 1.67 0.80
0.12 1.58 0.78 1.15 1.68 0.79
0.13 1.56 0.82 1.14 1.72 0.78 1
0.15 1.54 0.83 1.13 1.75 0.77
0.17 1.53 0.85 1.12 1.78 0.76
0.18 1.51 0.87 1.11 1.82 0.75 1
0.20 1.50 0.90 1.10 1.85 0.74 1
0.22 1.48 0.92 1.09 1.90 0.73 1
0.23 1.47 0.93 1.08 1.92 0.72
0.25 1.46 0.95 1.07 1.95 0.71
0.27 1.45 0.98 1.06 1.98 0.70
0.28 1.43 1.00 1.05 2.02 0.69
0.32 1.42 1.02 1.04 2.05 0.68
0.33 1.41 1.05 1.03 2.08 0.67
0.35 1.40 1.07 1.02 2.12 0.66
0.37 1.38 1.12 1.01 2.15 0.65
0.38 1.37 1.13 1.00 2.20 0.64
0.40 1.36 1.17 0.99 2.23 0.63
0.42 1.35 1.18 0.98 2.27 0.62 1
0.43 1.34 1.22 0.97 2.30 0.61
0.45 1.33 1.23 0.96 2.33 0.60
0.47 1.32 1.25 0.95
0.48 1.31 1.28 0.94
0.50 1.30 1.30 0.93
0.52 1.29 1.33 0.92
0.53 1.28 1.35 0.91
0.55 1.27 1.37 0.90
0.57 1.26 1.40 0.89
0.58 1.25 1.45 0.88
0.60 1.24 1.47 0.87
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Slug Test Data for MPB-12  
DD =  ft below static water level
T  (min D D (ft) T (min DD(ft) T (min DD (ft) T (min DD (ft)
0.03 1.80 2.30 1.35 6.10 0.98 14.93 0.62
0.07 1.75 2.37 1.34 6.17 0.97 15.42 0.61
0.10 1.71 2.47 1.33 6.37 0.96 15.95 0.60
0.13 1.68 2.53 1.32 6.50 0.95 16.57 0.59
0.17 1.67 2.60 1.31 6.70 0.94 17.22 0.58
0.20 1.66 2.70 1.30 6.92 0.93 17.82 0.57
0.23 1.65 2.80 1.29 7.05 0.92 18.37 0.56
0.27 1.64 2.92 1.28 7.22 0.91
0.30 1.63 3.02 1.27 7.42 0.90
0.33 1.62 3.12 1.26 7.52 0.89
0.37 1.61 3.22 1.25 7.68 0.88
0.43 1.60 3.32 1.24 7.90 0.87
0.50 1.59 3.42 1.23 8.10 0.86
0.57 1.58 3.45 1.22 8.20 0.85
0.60 1.57 3.55 1.21 8.37 0.84
0.67 1.56 3.68 1.20 8.60 0.83
0.73 1.55 3.78 1.19 8.67 0.82
0.82 1.54 3.90 1.18 8.92 0.81
0.88 1.53 4.00 1.17 9.15 0.80
0.95 1.52 4.13 1.16 9.38 0.79
1.02 1.51 4.23 1.15 9.62 0.78
1.08 1.50 4.33 1.14 9.90 0.77
1.15 1.49 4.47 1.13 10.13 0.76
1.22 1.48 4.57 1.12 10.43 0.75
1.28 1.47 4.70 1.11 10.73 0.74
1.38 1.46 4.80 1.10 10.98 0.73
1.45 1.45 4.95 1.09 11.32 0.72 1
1.55 1.44 5.08 1.08 11.58 0.71 1
1.62 1.43 5.15 1.07 11.87 0.70 1
1.68 1.42 5.25 1.06 12.23 0.69
1.78 1.41 5.42 1.05 12.57 0.68
1.87 1.40 5.52 1.04 12.92 0.67
1.97 1.39 5.62 1.03 13.32 0.66
2.03 1.38 5.65 1.01 13.72 0.65
2.10 1.37 5.83 1.00 14.13 0.64
2.20 1.36 6.00 0.99 14.50 0.63
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Slug Test Data for MPB-13 
DD =  ft below static water level
T (min) DD(ft) T (min) DD(ft)
0.01 1.82 9.13 1.43
0.03 1.79 9.20 1.42
0.07 1.77 9.45 1.41
0.10 1.76 9.88 1.40
0.13 1.75 10.37 1.39
0.20 1.74 10.50 1.38
0.30 1.73 11.07 1.37
0.47 1.72 11.52 1.36
0.70 1.71 11.82 1.35
0.92 1.70 12.15 1.34
1.25 1.69 12.63 1.33
1.48 1.68 13.07 1.32
1.82 1.67 13.58 1.31
2.13 1.66 14.02 1.30
2.43 1-65 14.50 1.29
2.67 1.64 14.93 1.28
2.90 1.63 15.30 1.27
3.18 1.62 15.62 1.26
3.55 1.61 16.08 1-25
3.85 1.60 16.53 1.24
4.20 1.59 16.87 1.23
4.43 1.58 17.27 1.22
4.77 1.57 17.82 1.21
4.93 1.56 18.15 1.20
5.15 1.55 18.67 1.19
5.52 1.54 18.93 1.18
5.92 1.53 19.47 1.17
6.17 1.52 20.08 1.16
6.53 1.51
6.80 1.50
7.10 1.49
7.48 1.48
7.88 1.47
8.27 1.46
8.60 1.45
8.97 1.44
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Slug Test Data for MPB-16 
DO -  ft below static water level
T (mln) DO (ft) T (mln) DO (ft) T  (mln) DO (ft)_ T (mln) DO (ft)
0.01 1.84 1.28 1.16 2.72 0.79 5.02 0.43
0.03 1.76 1.32 1.15 2.75 0.78 5.08 0.42
0.07 1.70 1.35 1.14 2.82 0.77 5.18 0.41
0.10 1.66 1.38 1.13 2.85 0.76 5.28 0.40
0.13 1.64 1.42 1.12 2.92 0.75 5.38 0.39
0.17 1.61 1.45 1.11 2.95 0.74 5.50 0.38
0.20 1.59 r 1.48 1.10 2.98 0.73 5.57 0.37
0.23 1.58 1.52 1.09 3.05 0.72 5.67 0.36
0.27 1.55 1.55 1.08 3.08 0.71 5.77 0.35
0.30 1.54 1.58 1.07 3.15 0.70 5.87 0.34
0.33 1.52 1.63 1.06 3.18 0.69 5.97 0.33
0.37 1.51 1.67 1.04 3.25 0.68 6.07 0.32
0.40 1.49 1.70 1.03 3.32 0.67 6.20 0.31
0.43 1.48 1.73 1.02 3.35 0.66 6.30 0.30
0 47 1.46 1.80 1.01 3.42 0.65 6.45 0.29
0.50 1.44 1.83 1.00 3.48 0.64 6.58 0.28
0.53 1.43 1.87 0.99 3.52 0.63 6.72 0.27
0.57 1.42 1.90 0.98 3.60 0.62 6.85 0.26
0.60 1.40 1.93 0.97 3.67 0.61 6.98 0.25
0.63 1.39 1.97 0.96 3.73 0.60 7.12 0.24
0.68 1.38 2.00 0.95 3.80 0.59
0.72 1.36 2.07 0.94 3.83 0.58
0.75 1.35 2.10 0.93 3.90 0.57
0.78 1.34 2.13 0.92 3.97 0.56
0.82 1.33 2.17 0.91 4.03 0.55
0.85 1.31 2.23 0.90 4.10 0.54
0.88 1.30 2.27 0.89 4.20 0.53
0.92 1.29 2.30 0.88 4 27 0.52
0.95 1.27 2.37 0.87 4.33 0.51
0.98 1.25 2.40 0.86 4.4Ô1 0.50
1.02 1.24 2.43 0.85 4.52 0.49
1.05 1.23 2.47 0.84 4.58 0.48
1.08 1.21 2.55 0.83 4.68 0.47
1.15 1.20 2 5 8 0.82 4.75 0.46
1.18 1.18 2.62 0.81 4.82 0.45
1.22 1.17 2.65 0.80 4.92 0.44
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Slug Test Data for MPB-17 
DD =  ft below static water level
Slug Test MPB-18 
DD =  ft below stati
T (mln) DD (ft) T (min) I  (min) T (min) DD(ft)
0.01 1.84 1.70 1.39 0.01 1.43
0.02 1.80 1.75 1.38 0.02 1.28
0.03 1.77 1.87 1.37 0.03 1.14
0.05 1.76 1.97 1.36 0.07 1.04
0.07 1.72 2.03 1.35 1 0 08 0.94
0.08 1.71 2.15 1.34 I 0.10 0.87
0.10 1.69 2.27 1.33 1 0.12 0.80
0.12 1.68 2.37 1.32 0.13 0.75
0.13 1.67 2.47 1.31 0.15 0.68
0.17 1.66 2.60 1.30 0.17 0.64
0.18 1.65 2.70 1.29 0.18 0.60
0.22 1.64 2.73 1.28 0.20 0.56
0.25 1.63 2.87 1.27 0.22 0.52
0.30 1.62 3.02 1.26 0.25 0.47
0.33 1.61 3.13 1.25 0.27 0.45
0.37 1.60 3.23 1.24 0.28 0.44
0.40 1.59 3.33 1.23 0.30 0.42
0.45 1.58 3.45 1.22 0.32 0.40
0.50 1.57 3.55 1.21 0.33 0.39
0.55 1.56 0.35 0.37
0.60 1.55 0.37 0.36
0.68 1.54 1 0.38 0.35
0.72 1.53 0.40 0.33
0.78 1.52 0.42 0.31
0.83 1.51 0.43 0.30
0.90 1.50 0.47 0.29
0.95 1.49 0.48 0.26
1.02 1.48 0.52 0.25
1.10 1.47 0.55 0.24
1.18 1.46 0.57 0.23
1.23 1.45 0.60 0.22
1.30 1.44 0.63 0.21
1.38 1.43 0.67 0.20
1.48 1.42 0.73 0.19
1.55 1.41 0.77 0.18
1.63 1.40 ______
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Slug Test Data for MPB-19  
DO =  ft below static
T  (mln) DD (ft) T (mln) D D (fl) T (mln) DD(ft)
0.01 1.96 1.03 1.44 2.37 1.08
0.02 1.88 1.07 1.43 2.42 1.07
0.03 1.85 1.10 1.42 2.47 1.06
0.05 1.81 1.13 1.41 2.50 1.05
0.07 1.79 1.17 1.40 2.55 1.04
0.08 1.78 1.22 1.39 2.60 1.03
0.10 1.76 1.27 1.38 2.63 1.02
0.12 1.74 1.28 1.37 2.70 1.01
0.13 1.72 1.33 1.36 2.75 1.00
0.17 1.71 1.37 1.35 2.80 0.99
0.18 1.70 1.40 1.34 2.83 0.98
0.22 1 69 1.43 1.33 2.90 0.97 1
0.23 1.68 1.45 1.32 2.95 0.96
0.27 1.67 1.47 1.31 3.00 0.95
0.30 1.66 1.50 1.30 3.05 0.94
0.32 1.65 1.53 1.29 3.10 0.93
0.37 1.64 1.58 1.28 3.15 0.92 1
0.40 1.63 1.62 1.27 3.20 0.91
0.43 1.62 1.65 1,26 3.27 0.90
0.47 1.61 1.67 1.25 3.32 0.89
0.50 1.60 1.72 1.24 3.35 0.87
0.53 1.59 1.75 1.23 3.42 0.86
0.57 1.58 1.80 1.22 3.48 0.85
0.60 1.57 1.83 1.21 3.50 0.83
0.63 1.56 1.87 1.20 3.55 0.82
0.65 1.55 1.92 1.19 3.63 0.81
0.68 1.54 1.97 1.18 3.70 0.80
0.72 1.53 2.00 1.17 3.77 0.79
0.75 1.52 2.03 1.16 3.83 0.78
0.80 1.51 2.08 1.15 3.93 0.77
0.83 1.50 2.12 1.14 4.02 0.76
0.87 1.49 2.17 1.13 4.07 0.75
0.90 1.48 2.20 1.12
0.93 1.47 2.25 1.11
0.97 1.46 2.28 1.10
1.02 1.45 2.30 1.09
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Slug Test MPB-20 
DD =  ft below stat.
T (mln) D D (ft)
0.01 1.99
0.02 1.95
0.03 1.93
0.05 1.91
0.07 1.90
0.08 1.89
0.10 1.88
0.12 1.87
0.15 1.86
0.22 1.85
0.27 1.84
0.33 1.83
0.42 1.82
0.50 1.81
0.62 1.80
0.70 1.79
0.78 1.78
0.88 1.77
1.03 1.76
1.18 1.75
1 2 8 1.74
1.42 1.73
1.53 1.72
1.65 1.71
1.75 1.70
1.80 1.69
Slug Test Data for MPB-21
DD =  ft below static water level
T (mln) DD(ft) T (mln) DD(ft)
0.01 1.94 1.18 1.53
0.01 1.94 1.27 1.52
0.02 1.92 1.33 1.51
0.03 1.89 1.37 1.50
0.05 1.88 1.43 1.49
0.07 1.86 1.48 1.48
0.08 1.85 1.55 1.47
0.12 1.84 1.62 1.46
0.13 1.83 1.68 1.45
0.15 1.82 1.77 1.44
0.17 1.81 1.83 1.43
0.20 1.80 1.93 1.42
0.22 1.79 1.97 1.41
0.25 1.78 2.03 1.40
0.27 1.77 2.12 1.39
0.28 1.76 2.18 1.37
0.33 1.75 2.23 1.36
0.37 1.74 2.30 1.35
0.40 1.73
0.45 1.72
0.48 1.71
0.52 1.70
0.53 1.69
0.55 1.68
0.60 1.65
0.63 1.63
0.67 1.62
0.73 1.61
0.78 1.60
0.83 1.59
0.88 1.58
0.93 1.57
1.00 1.56
1.05 1.55
1.13 1.54
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Slug Test Data for MPB-22 
DD =  ft below static water level
T (mln) DD(ft) T (mln) DD(ft) T (min) DD (ft)
0.01 1.53 0.65 0.54 1.98 0.18
0.02 1.16 0.67 0.53 2.05 0.17
0.03 1.10 0.68 0.52 2.15 0.16
0.05 1.06 0.70 0.51 2.22 0.15
0.07 1.02 0.73 0.50 2.33 0.14
0.08 0.98 0.75 0.49 2.43 0.13
0.10 0.94 0.78 0.48 2.55 0.12
0.12 0.92 0.80 0.47 2.68 0.11
0.13 0.90 0.83 0.46 2.82 0.10
0.15 0.88 0.87 0.45 2.97 0.09
0.17 0.86 0.88 0.44 3.13 0.08
0.18 0.85 0.90 0.43 3.35 0.07
0.20 0.83 0.93 0.42 3.62 0.06
0.22 0.82 0.95 0.41 4.03 0.05
0.23 0.80 0.98 0.40
0.25 0.79 1.00 0.39
0.27 0.77 1.03 0.38
0.28 0.76 1.07 0.37
0.30 0.75 1.10 0.36
0.32 0.73 1.13 0.35
0.33 0.72 1.18 0.34
0.35 0.71 1.22 0.33
0.38 0.70 1.25 0.32
0.40 0 69 1.28 0.31
0.42 0.68 1.33 0.30
0.43 0.66 1.37 0.29
0.47 0.64 1.40 0.28
0.48 0.63 1.45 0.27
0.50 0.62 1.50 0.26
0.52 0.61 1.57 0.25
0.53 0.60 1.62 0.24
0.55 0.59 1.67 0.23
0.57 0.58 1.72 0.22
0.58 0.57 1.77 0.21
0.62 0.56 1.83 0.20
0.63 , 0.55 1.92 0.19
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élug Test Data for MPB-23 
DD =  ft below static water level
T (mln) DD(ft) T (mln) DD (ft) T (min) DD (ft)
0.03 1.84 1.27 0.81 2.48 0.34
0.07 1.75 1.30 0.80 2.52 0.33
0.10 1.69 1.33 0.78 2.58 0.32
0.13 1.64 1.37 0.76 2.62 0.31
0.18 1.60 1.40 0.74 2.65 0.30
0.22 1.56 1.43 0.73 2.68 0.29
0.25 1.53 1.47 0.71 2.75 0.28
0.28 1.49 1.50 0.70 2.78 0.27
0.32 1.46 1.53 0.68 2.85 0.26
0.35 1.43 1.57 0.66 2.88 0.25
0.38 1.40 1.60 0.65 2.92 0.24
0.42 1.37 1.63 0.64 2.98 0.23
0.45 1.34 1.67 0.62 3.05 0.22
0.48 1.32 1.70 0.61 3.10 0.21
0.52 1.29 1.73 0.59 3.17 0.20
0.55 1.26 1.77 0.58 3.23 0.19
0.58 1.24 1.80 0.57 3.30 0.18
0.62 1.21 1.83 0.55 3.37 0.17
0.65 1.19 1.87 0.54 3.43 0.16
0.68 1.16 1.90 0.53 3.50 0.15
0.72 1.14 1.93 0.52 3.57 0.14
0.75 1.12 1.97 0.50 3.67 0.13
0.78 1.09 2.00 0.49 3.77 0.12
0.82 1.07 2.03 0.48 3.87 0.11
0.85 1.05 2.07 0.47 3.98 0.10
0.88 1.03 2.10 0.46 4.08 0.09
0.92 1.01 2.13 0.44 4.22 0.08
0.95 0.99 2.17 0.43 4.35 0.07
0.98 0.97 2.22 0.42 4.52 0.06
1.02 3.50 2.25 0.41 4.72 0.05
1.05 0.92 2.28 0.40 4.97 0.04
1.08 0.91 2.32 0.39 5.20 0.03
1.12 0.89 2.35 0.38 5.47 0.02
1.15 0.87 2.38 0.37 6.02 0.01
1.18 0.85 2.42 0.36 7.07 0.00
1.23 0.83 2.45 0.35
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Slug Test Data for MPB-24 
DD =  ft below static water level
T  (min) DD (ft) T (mln) DD(ft) T (min) DD(ft) T (min) iDDift)
0.01 1.97 1.42 1.49 3.40 1.13 6.17 0.77
0.04 1.92 1.45 1.48 3.47 1.12 6.24 0.76
0 07 1.87 1.52 1.47 3.54 1.11 6.35 0.75
0.10 1.85 1.57 1.46 3.60 1.10 6.45 0.74
0.14 1.83 1.64 1.45 3.67 1.09 6.55 0.73
0.17 1.81 1.67 1.44 3.74 1.08 6.69 0.72
0.20 1.80 1.70 1.43 3.80 1.07 6.79 0.71
0.24 1.79 1.77 1.42 3.87 1.06 6.89 0.70
0.27 1.77 1.80 1.41 3.94 1.05 6.99 0.69
0.30 1.76 1.87 1.40 4.00 1.04 7.09 0.68
0.34 1.75 1.90 1.39 4.07 1.03 7.20 0.67
0.37 1.74 1.97 1.38 4.14 1.02 7.34 0.66
0.40 1.73 2.00 1.37 4.20 1.01 7.50 0.65
0.44 1.72 2.07 1.36 4.27 1.00 7.67 0.64
0.47 1.71 2.10 1.35 4.34 0.99 7.80 0.63
0.55 1.70 2.17 1.34 4.42 0.98 7.94 0.62
0.59 1.69 2.24 1.33 4.49 0.97 8.10 0.61
0.62 1.68 2.27 1.32 4.59 0.96 8.29 0.60
0.65 1.67 2.34 1.31 4.65 0.95 8.45 0.59
0.69 1.66 2.37 1.30 4.75 0.94 8.59 0.58
0.75 1.65 2.44 1.29 4.82 0.93 8.75 0.57
0.79 1.64 2.47 1.28 4.92 0.92 8.92 0.56
0.82 1.63 2.55 1.27 4.99 0.91 9.09 0.55
0.85 1.62 2.62 1.26 5.05 0.90 9.27 0.54
0.92 1.61 2.65 1.25 5.12 0.89 9.44 0.53
0.95 1.60 2.72 1.24 5.22 0.88 9.64 0.52
0.99 1.59 2.79 1.23 5.30 0.87 9.84 0.51
1.02 1.58 2.82 1.22 5.37 0.86 10.07 0.50
1.05 1.57 2.89 1.21 5.44 0.85 10.24 0.49
1.12 1.56 2.95 1.20 5.54 0.84 10.42 0.48
1.15 1.55 3.02 1.19 5.60 0.83 10.59 0.47
1.19 1.54 3.09 1.18 5.67 0.82 10.82 0.46
1.25 1.53 3.12 1.17 5.77 0.81 11.09 0.45
1.29 1.52 3.19 1.16 5.87 0.80
1.32 1.51 3.25 1.15 5.97 0.79
1.39 1.50 3.32 1.14 6.07 0.78
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APPENDIX E  - Bromide Sorption Experiment
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A P P E N D IX  E  J 7 4
BROMIDE SORPTION EXPERIMENTS
INTRODUCTION:
Laboratory experiments were conducted to determine if sorption of bromide onto aquifer materials is a significant 
mechanism for the removal or retardation of bromide in the Elk 
Creek aquifer. Experimental procedures were patterned after 
those outlined by Wilson and Gabet (1992), and were further 
modified to simulate conditions present in the Elk Creek 
ac[uifer during the natural gradient tracer test.
EXPERIMENTAL PROCEDURES:
Six standard solutions of bromide ranging in 
concentration from 5 to 1500 mg/L were prepared by diluting 
lithium bromide in water collected from the Elk Creek aquifer 
prior to the tracer experiment. This was done in an effort to 
simulate sorption interferences induced by the natural 
background chemistry of the aquifer waters. Four soil samples 
from the site believed to represent the range of soil types 
present in the aquifer were selected for these experiments. 
Sample descriptions are as follows:
Sample A - Collected from P-9 5-6 ft below ground surface.
Dark brown silty loam with high organic content, 
containing fragments of partially decomposed plant 
matter.
Sample B - Collected from P-10 8-10 ft below ground surface. 
Reddish brown silty clay with some fine sand.
Sample C - Collected from MPB-13 17-18 ft below groundsurface.
Greenish gray medium sand with some fine sand.
Sample D - Collected from MPB-20 10-12 ft below ground 
surface.
Reddish brown sand and gravel with some cobbles and 
trace silt.
The samples were oven dried and six approximately 20 gram 
splits were quantitatively weighed on an analytical balance. 
The six splits of each sample were mixed with 100 ml of each 
standard solution, and placed in plastic bottles for storage.
Bromide concentrations in each of the 24 experiments were 
measured after 7, 15, 23, and 57 days of storage. These
analyses were performed using a Fischer bromide electrode. 
Results of the analyses are presented at the end of this
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s e c tio n .
EXPERIMENTAL RESULTE AND CONCLUSIONS:
Figures E-l to E-3 are graphs of measured bromide 
concentration plotted against time for each experiment. 
Bromide concentrations for each of the experiments remains 
relatively constant throughout the duration of the test. Minor variations in measured bromide concentration were 
observed, and are most pronounced in the experiments with the 
highest concentrations. These variations are attributed to 
electrode drift and temperature fluctuations during the 
analyses. However, these data do not establish a trend that 
bromide concentrations in the experiments were reduced 
sorption phenomenon.
Based on the results of these experiments it is concluded 
that sorption of bromide onto grain surfaces in the Elk Creek 
aquifer is not a significant mechanism for retardation or 
removal, and that bromide does behave conservatively under the 
conditions present during the natural gradient tracer test.
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Figure E-l: Graphs of bromide concentration vs. time
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Figure E - 2 :  Graphs of bromide concentration vs. time
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In itia l Cone. = 100 mg/L 178
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FIGURE F - 1
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ELK CREEK NATURAL GRADIENT TRACER TEST DATA
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NOTE: Values represent concentrations of Br- in mg/L 
ND -  none detected {< 2 .0  mg/L)
NS =  not sampled
M-1-1 »  MPB-1-1, Sampling point #1 is at the bottom
Date M-3-2 M-3-3 M-3-4 M-3-5 M-3-6 M-3-7 M-4-1 M-4-2 M-4-3
10/4/91 ND ND ND ND ND ND ND ND ND
10/9/91 ND ND ND ND ND ND ND ND ND
10/16/91 ND ND 4.4 NS 32.0 24.0 ND ND ND
10/23/91 2.2 ND 9.6 NS NS 30.0 ND ND ND
10/30/91 9.0 3.6 NS 5.0 NS 30.2 ND 2.2 ND
11/6/91 24,0 12.1 20.8 17.2 50.2 50.8 4.1 NS ND
11/13/91 8.2 6.2 NS 34.0 NS 34.1 5.9 2.1 ND
11/20/91 4.9 3.7 NS 47.0 NS 50.0 4.7 2.0 ND
11/25/91 3.3 3.7 NS 54.0 NS 53.0 4.1 2.4 ND
12/6/91 ND NS NS 27.0 NS 36.0 2.4 ND ND
12/18/91 2.9 3.0 NS 24.0 NS 56.0 ND ND ND
1/8/92 ND 2.0 NS 6.8 NS 28.0 ND ND ND
1/22/92 ND ND NS 5.6 NS 18.6 ND ND ND
2/5/92 ND ND NS 4.3 NS 12.0 ND ND ND
2/26/92 ND ND NS 3.7 NS 10.8 ND ND ND
3/11/92 NS ND NS 4.5 NS ND ND ND ND
Date M-4-4 M-4-5 M-4-6 M-5-2 M-5-4 M-5-5 M-7-2 M-7-3 M-7-4
10/4/91 ND ND ND ND ND ND NS NS NS
10/9/91 ND ND ND ND ND ND ND ND ND
10/16/91 ND ND 47.0 ND ND ND ND ND ND
10/23/91 ND ND 11.8 ND ND ND ND ND ND
10/30/91 ND ND 8.6 ND ND ND ND ND ND
11/6/91 ND ND 4.9 ND ND ND ND ND ND
11/13/91 ND ND ND ND ND ND ND ND ND
11/20/91 ND ND ND ND ND ND ND ND ND
11/25/91 ND ND ND ND ND ND ND ND ND
12/6/91 ND ND ND NS NS NS NS NS NS
12/18/91 ND ND ND NS NS NS NS NS NS
1/8/92 ND ND ND NS NS NS NS NS NS
1/22/92 ND ND ND NS NS NS NS NS NS
2/5/92 ND ND ND NS NS NS NS NS NS
2/26/92 ND ND ND NS NS NS NS IMS NS
3/11/92 ND ND ND NS NS NS NS NS NS
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NOTE: Values represent concentrations of Br- In mg/L 
ND -  none detected (< 2 .0  mg/L)
NS =  not sampled
M-1-1 =  MPB-1-1, Sampling point #1 Is at the bottom
Date 1-1 1-2 1-3 1-4 1-5 M-1 -1 M-1-2 M-1-3 M-1-4
10/4/91 1420 1400 NS 1430 1410 ND ND ND ND
10/9/91 14.2 49.5 NS 7.8 13.3 109.0 140.0 149.0 212.0
10/16/91 11.9 12.8 4.2 6.1 9.6 73.0 54.0 56.5 72.0
10/23/91 ND ND ND ND ND 22.1 20.9 23.0 22.2
10/30/91 ND ND ND ND ND 9.6 11.6 13.0 17.6
11/6/91 NS NS NS NS NS 17.4 17.2 12.9 14.3
11/13/91 NS NS NS NS NS 12.0 12.2 15.5 20.8
11/20/91 NS NS NS NS NS 10.0 10.7 12.0 11.4
11/25/91 NS NS NS NS NS 10.6 12.1 12.2 10.2
12/6/91 NS NS NS NS NS 8.5 9.1 9.8 4.8
12/18/91 NS NS NS NS NS 13.0 14.3 14.2 5.8
1/8/92 NS NS NS NS NS 7.9 8.4 7.2 3.9
1/22/92 NS NS NS NS NS 7.7 6.7 4.6 2.5
2/5/92 NS NS NS NS NS 8.0 5.3 2.7 ND
2/26/92 NS NS NS NS NS 4.5 2.7 ND ND
3/11/92 NS NS NS NS NS 2.1 ND ND ND
Date M-1 -5 M-1-6 M-1-7 M-2-1 M-2-3 M-2-4 M-2-6 M-2-7 M-3-1
10/4/91 ND ND ND ND ND ND ND ND ND
10/9/91 NS 53.0 5.4 ND ND ND ND ND ND
10/16/91 47.0 34.5 26.1 ND 8.3 106.0 NS 5.8 ND
10/23/91 32.0 83.0 78.0 NS 34.8 114.0 NS 51.0 2.3
10/30/91 47.0 53.5 72.0 19.2 68.0 59.0 NS 56.5 28.8
11/6/91 49.8 51.0 49.0 NS 152.0 51.0 41.2 36.0 99.0
11/13/91 22.0 26.0 22.5 32.4 70.5 45,0 NS 34.0 40.3
11/20/91 NS 17.1 15.3 14.2 51.0 46.0 NS 30.0 23.0
11/25/91 NS 13.7 12.9 13.0 43.0 58.0 NS 33.0 16.7
12/6/91 NS 6.6 7.0 5.2 18.7 35.5 NS 20.0 4.7
12/18/91 NS 7.0 7.0 NS 11.5 34.0 NS 18.0 3.4
1/8/92 NS 3.4 3.9 NS 5.6 13.6 NS 12.5 ND
1/22/92 NS 2.8 3.1 NS 4.6 8.4 NS 11.3 ND
2/5/92 NS ND ND NS 3.6 4.7 NS 8.4 ND
2/26/92 NS ND ND NS 2.9 4.1 NS 5.2 ND
3/11/92 NS ND ND NS 2.8 6.8 NS 4.7 ND
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ELK CREEK NATURAL GRADIENT TRACER TEST DATA
NOTE: Values represent concentrations of Br- in mg/L 
ND =  none detected (< 2 .0  mg/L)
NS =  not sampled
M-1-1 =  MPB-1-1, Sampling point #1 is at the bottom
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Date M-8-4 M-9-1 M-9-2 M-9-3 M-9-4 M-9-7 M-10-1 M-10-3
10/4/91 NS NS NS NS NS NS NS NS
10/9/91 NS ND ND ND ND ND NS NS
10/16/91 ND NS 9.8 NS NS ND NS NS
10/23/91 5.5 ND ND 12.0 7.5 ND NS NS
10/30/91 ND ND ND 10.1 9.9 ND NS ND
11/6/91 ND ND ND 10.1 6.7 ND NS ND
11/13/91 ND ND ND 10.0 NS NS NS ND
11/20/91 ND ND ND 8.1 9.5 ND ND ND
11/25/91 ND ND ND 8.2 NS ND ND ND
12/6/91 ND ND ND 5.7 7.0 ND 3.1 ND
12/18/91 ND ND ND 8.1 11.2 ND 4.5 ND
1/8/92 ND ND ND 3.7 7.8 2.0 2.2 ND
1/22/92 ND ND ND 3.2 5.3 2.3 NS ND
2/5/92 ND ND ND 2.1 4.4 2.0 NS ND
2/26/92 ND ND ND ND 2.9 NS NS ND
3/11/92 ND ND ND ^ 2.7 3.7 NS NS ND
Date M-22-1 M-22-4 M-22-5 M-23-1 M-23-2 M-23-3 M-23-4 M-23-5
10/4/91 NS NS NS NS NS NS NS NS
10/9/91 NS NS NS NS NS NS NS NS
10/16/91 NS NS NS ND ND ND ND ND
10/23/91 NS NS NS ND ND ND ND ND
10/30/91 NS NS NS ND ND ND ND ND
11/6/91 NS NS NS ND ND ND 2.8 ND
11/13/91 NS NS NS ND ND ND 5.4 ND
11/20/91 ND ND ND 4.2 ND ND 6.4 2.8
11/25/91 ND ND ND 12.8 ND 4.7 6.1 2.5
12/6/91 ND ND ND 21.8 ND ND 4.4 2.2
12/18/91 ND ND 2.2 29.4 ND ND 7.8 5.2
1/8/92 2.6 1 ND ND 16.5 ND ND 5.6 4.3
1 /2 2 /9 ^ 12.3 ND ND 12.3 ND ND 4.6 3.4
2/5/92 ND ND ND 11.1 ND ND 4.2 3.5
2/26/92 ND ND ND 8.2 ND ND 2.8 3.1
3/11/92 ND ND ND NS ND 3.2 3.8 3.7
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NOTE: Values represent concentrations of Br- in mg/L 
ND -  none detected (< 2 .0  mg/L)
NS =  not sampled
M-1-1 =  MPB-1-1, Sampling point #1 is at the bottom
Date M-23-7 M-24-1 M-24-2 M-24-3 M-24-5 M-24-7 P-1-2 P-2-1
10/4/91 NS NS NS NS NS NS NS NS
10/9/91 NS ND ND ND ND ND NS NS
10/16/91 ND ND 5.3 NS 18.2 ND NS NS
10/23/91 ND 5.2 5.6 NS 11.5 ND NS NS
10/30/91 ND 7.8 8.7 NS 26.0 ND NS NS
11/6/91 ND 6.7 9.2 NS 25.4 14.0 NS NS
11/13/91 ND 8.6 10.8 NS 61.5 7.2 NS NS
11/20/91 ND 10.4 NS NS 57.3 NS NS NS
11/25/91 ND 11.6 NS NS 37.3 15.0 NS NS
12/6/91 ND 7.4 ND NS 6.6 19.0 ND ND
12/18/91 ND 13.1 14.2 NS 15.0 29.8 4.1 26.5
1/8/92 ND 6.8 9.4 NS 6.0 6.2 2.4 11.1
1/22/92 ND 6.0 5.3 NS 4.6 4.6 NS NS
2/5/92 NS 4.6 4.3 NS 3.5 3.5 8.2 4.0
2/26/92 5.0 3.1 2.7 2.2 10 .6^ 11.9 11.6 4.9
3/11/92 NS 5.3 6.2 7.8 11.3 11.6 6.3 6.1
Date P-3-1 P-3-2 P-3-3 P-4-1 P-4-2 P-9 P-2-3 W-6
12/6/91 ND ND ND ND ND NS ND NS
12/18/91 3.3 NS ND ND ND NS 6.5 NS
1/8/92 NS NS NS ND ND NS NS NS
1/22/92 NS NS NS ND ND NS NS NS
2/5/92 NS 5.7 2.0 3.4 3.3 NS 6.8 2.0
2/26/92 NS 3.9 2.0 7.4 4.6 2.4 7.2 2.0
3/11/92 NS 4.4 ND ND ND 4.4 7.1 2.2
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TABLE G-1
Summary of Calculated Dispersivity Values
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Sample Pt. Peclet # Gist, (ft.) Dispersivity (ft.)
MPB-1-1 800 12 0.015
MPB-1 -2 1000 12 0.012
MPB-1-3 1000 12 0.012
MPB-1-4 900 12 0.013
MPB-1-6 50 12 0.240
MPB-1-7 100 12 0.120
MPB-2-3 100 13 0.130
MP 8-2-4 400 13 0.033
MPB-2-7 50 13 0.260
MPB-24-1 8 36 4.500
MPB-24-2 9 36 4.000
MPB-24-7 60 36 0.600
Type Curves for Selected Peclet Num bers
0.9
0.8
0.7
0.6
I  0,5
O 0.4 
0.3
0.2
0.1
'mi
1.08 1.35
1.2
0.3 0.6 0.9 2.3
20.15 0.45 0.75 1.5 2.61
P = 1 
P = 100
t/tc
P = 10 
P = 1000
P = 50
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